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Preface
The present energy economy based on fossil fuels is at a serious risk
due to a series of factors, including the continuous increase in the
demand for oil, the depletion of non-renewable resources, the depen-
dency on politically unstable oil producing countries and the related
CO2 emissions, which results in a rise in global temperature with as-
sociated series of dramatic climate changes. The urgency for energy
renewal requires the use of clean energy sources and investments for
the exploitation of renewable energy resources are increasing world-
wide, with particular attention to the most mature technologies: wind
and solar power energy plants. These energy resources require highly
efficient energy storage systems.
Electrochemical systems, such as batteries and supercapacitors that
can efficiently store and deliver energy on demand in stand-alone
power plants, as well as provide power quality and load levelling of the
electrical grid in integrated systems, are playing a crucial role in this
field. Indeed, in virtue of their high value of energy efficiency, lithium-
based batteries are expected to provide an energy return factor higher
than that assured by conventional batteries. In addition, they are also
seen as the power sources of choice for sustainable transport because
they are considered the best options which can effectively guarantee
the progressive diffusion of HEVs, PHEVs, and BEVs at high levels.
However, problems of various natures still prevent the large scale diffu-
sion of these batteries for renewable power plants and Electric Vehicle
applications.
Many chemical companies are investing funding on research for reduc-
ing the battery consts and their environmental impact while increas-
ing the performances, e.g. DOW Chemicals, Chemetall (Rockwood
group), Mitsubishi Chemicals, Basf. Also in Italy the interest is in-
creasing and one example is the new company Lithops S.r.l., which is
starting the realisation of lithium-ion electrochemical cells based on
innovative materials mainly suitable for the automotive markets.
During the three years of this PhD course, the attention was focused
on three main topics on the pathway to the EV development: (i) elec-
trode manufacture via water based processes, (ii) mathematical mod-
eling of lithium-ion battery, and (iii) energetic evaluation of a battery
i
efficiency via simulation.
Basic concepts and general informations about lithium-ion batteries
are given in Chapter I. The aim of the thesis is reported in Chapter
II. Scope of the Chapter III is to deepen the topic of Li-ion battery,
comparing this system with others and elucidating its historic devel-
opment. Currently all over the world researches on Li secondary bat-
teries receive great attentions, and much effort are directed to find new
materials that can provide higher capacities, lower costs, and are en-
vironmentally benign. Therefore, an explanation of the materials and
components relevant to the Li-ion battery technology during recent
years and for the next future is provided. In Chapter IV are explained
the processes at the basis of the battery operation and their mathemat-
ical correlations in order to provide a full mathematical equation-based
model of a battery. In Chapter V the characterization techniques and
methods used to analyse the test samples, both from the structural-
morphological and electrochemical point of view, are briefly described.
The following chapters deal with the description of the results. Chap-
ter VI deals with the manufacture of cathodes with water-based pro-
cess. The main problem encountered in this work was due to the
corrosion of the Al current collector caused by the high pH of the
NMC-based slurry. A protection of the foil with a thin layer of car-
bon, rather than the addiction of an acid to adjust the pH of the
slurry, was found a suitable solution to the problem. In Chapter VII
the manufacture of anodes with water-based process was investigated.
In this case no major obstacles were given by the exchange of the
organic solvent with water as solvent for the mix of the components.
However, different types of graphites were tested and compared in
terms of electrochemical performances. To find an appropriate bal-
ance of the anode to cathode mass ratio was the objective of the work
of Chapter VII. Chapter IX deals with the description and the use of
a full mathematical model of a lithium-ion battery. The aim of the
work of this chapter is to show the potential of modeling in the field
of battery. Simulations are carried out by varying many of the model
parameter and results are shown graphically in order to explain either
the internal battery behaviour and the general performances. Chapter
X deals with the energetic evaluation of a battery for the ”vehicle-to-
grid” application. The model has been developed in Matlab-Simulink
ii
implementing empirical data to evaluate the system efficiency under
different operative conditions.
i
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1.1 The present energy market
The present energy economy based on fossil fuels is at a serious risk
due to a series of factors. Despite the continuous increase in the de-
mand for oil (and consequently its price), non-renewable resources un-
dergo inevitably depletion. The dependence on foreign oil and/or gas,
in many cases has created national vulnerabilities which have finally
leaded to endanger social stability. Nevertheless, the most warring
aspect associated with the present fossil fuel energy economy is the
global warming caused by emission of pollutants and CO2 which will
likely lead to tremendous climate change in the years to come. The
world energy consumption is expected to rapidly grow in the next years
(see figure 1.1), especially because of the needs of developing countries
(non-OECD), such as China and India [20]. In this scenario, nowa-
days the mankind is called to face one of the most tough challenges of
its history. Such a huge demand unavoidably forces the development
of renewable energy sources, which will gradually replace the conven-
tional ones. Accordingly, investments for exploitation of renewable
energy resources are increasing worldwide, with particular attention
to wind and solar power which are in principle inexhaustible energy
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suppliers. Despite that, their intermittent nature requires the uti-
lization of high efficiency storage systems. Among all energy storage
devices, electrochemical systems, such as batteries and super capaci-
tors, are playing a crucial role in the field. In addition, batteries are
a suitable choice not only for stationary systems but also with regard
to portable applications and sustainable electromobility.
Figure 1.1: World energy consumption, 1990-2035. Contribution of OECD and
non-OECD countries to the total world consumption [20].
The CO2 issue, responsible for the pollution of the air in modern
urban areas, may be only solved by replacing internal combustion
engines (ICE) cars with electric ones such as hybrid vehicles (HEVs) or
plug-in hybrid vehicles (PHEVs) and finally full electric vehicles (EVs)
[62]. At present, rechargeable Li-ion batteries (LIBs) are the best
candidates for applications in the automotive field. They are light and
compact, with a specific energy ranging between 150 WhKg−1 and 200
WhKg−1 (400-600 WhL−1) [70]. Today, their cost is still high but it
is expected to substantially drop. According to predictions, LIBs will
become one of the cheapest type of rechargeable batteries by 2020 and
the car market will most likely leading their market, even surpassing
that of portable electronics [50]. Even though LIBs powered cars are
already a reality, the performances are still limited compared to the
conventional internal combustion engines as it’s clearly showed in the
Ragone chart (figure 1.2).
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Figure 1.2: Ragone plot of specific energy density vs. specific power density for
various energy-storing devices.
1.2 Lithium ion batteries (generalities and oper-
ation principle)
Lithium is the lightest (equivalent weight: 6.94 gmol−1; specific grav-
ity: 0.53 gcm−3) and the most electropositive metal (E0Li+/Li =
−3.04V vs. SHE). These features made it a perfect choice for the
realization of high specific energy batteries (figure 1.3).
Figure 1.3: Energy density vs. specifc energy of different battery typologies; from
leadacid to Li metal batteries [70].
Today’s Li-ion batteries characteristics are briefly summarized in
Table 1.1 in comparison with other common batteries technologies,
namely Lead acid, Ni-Cd and Ni-MH. Pioneer work with the lithium
batteries began in 1912 under G.N. Lewis. Since then, considerable
impulse to the lithium battery evolution was trigged by military de-
mands for high power and high energy sources. However, the key
3
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Table 1.1: An overview of the main characteristics of the most important secondary
battery systems [74].
battery type Voltage (V) Energy density (Whkg−1) Remarks
Lead-acid 2.0 30-50 Car battery, low cost, heavy with low energy
density, sudden death
Ni-Cd 1.2 35-70 Robust & cheap, low impedance, toxicity,
memory effect, relatively low energy density
Ni-MH 1.2 60-110 Reliability, green product, low impedance, rel-
atively high energy density, memory effect
Li-ion 3.6-3.8 150-200 Thin, light, no memory effect, high energy den-
sity, high voltage, good charge retention, ex-
pensive
driving force for lithium battery development that began in the 1970s
was the diffusion of consumer electronics. These devices required bat-
teries capable of providing a good powering operation with a small
volume size and contained price. The first lithium batteries which
were commercialized in these years employed a metallic Li anode and
were not rechargeable (primary batteries). Such batteries, because
of the pronounced reactivity of Li toward water and air, were rather
unstable and unsafe. The first models have used I2 as active cathode
material; further versions were developed with AgV4O11 or SOC12.
In the 1970s and 1980s, many scientists studied Li intercalation
compounds such as LiT iS2 [79], graphite [9, 8] and LiCoO2 [33].
Their outstanding work has been the foundation for the realization
of rechargeable LIBs which first appeared on the market in the late
1970s, one manufactured by the Exxon Company in the USA with a
TiS2 cathode and one by at that time Moli Energy in Canada with a
MoS2 cathode. Both type of cells used organic electrolyte and LiAl
as anode. The LiAl considerably improved the safety of the cell.
The route of the development of the rechargeable LIBs was that of
relying on a totally new concept of two insertion electrodes [41]. Based
on this concept, the first LIBs were introduced in the market in 1991
by Sony. Figure 1.4 depicts a common LIB configuration that consists
of a graphite anode, a Li metal oxide cathode (e.g. LiCoO2) and a
separator (polymeric or glass fiber) soaked with Li salt-based organic
electrolyte (e.g. LiPF6 in a solution of ethylene carbonate-dimethyl
carbonate, EC-DMC).
The full cell reaction can be expressed as follows:
yC + LiMO2LixCy + Li− xMO2
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Figure 1.4: Scheme of a common Li-ion battery operating in discharge conditions
[71].
it involves the reversible insertion/extraction of Li+ between anode
and cathode and the concomitant addition and removal of electrons.
Hence, Li+ ions rock from one side to the other. Accordingly to such
concept, this kind of lithium concentration cell was also named ”rock-
ing chair” battery [60].
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Aim of the thesis
The work of this thesis is entirely addressed to the analysis and the
development of some crucial aspects in the field of Li-ion battery for
EVs application. Commercial EVs could represent a large share of the
electrification of the transportation sector, however, making a good
business case for EVs is not straightforward due to a series of factors.
Regarding the batteries, when the present lithium ion technology is
considered, the safety and cost of batteries appear as the main draw-
backs holding the introduction of this technology. Concerning about
the electric grid, a revolutionary change in the way the electricity is
generated, delivered, utilized and priced is needed. In this scenario,
the work of the thesis acts as a breakthrough toward a more sustain-
able development of EV. The work is focused around the three main
following aspects:
• Processes development for cheaper and greener battery manufac-
turing.
• Battery modeling and simulation for battery pack design.
• Energetic evaluation of vehicle-to-grid system.
The first part of the thesis (Chapters 6, 7, 8)is a part of the GREEN-
LION project [2], founded by the European Commission in the frame
of the Seventh Framework Programme for Research (FP7) and was
carried on at the Muenster Electrochemical Energy Technology (MEET)
[43], under the supervision of prof. Stefano Passerini. The wide de-
ployment of lithium ion batteries in the automotive industry would
6
have tremendous consequences on the battery-market in terms of pro-
duction increase. The only way Europe might become competitive
against Asian countries in the battery production is through the devel-
opment of new chemistry/technologies based on innovative materials
in order to reduce the costs. In this scenario, the Greenlion project
aims to the development of cheaper and greener battery pack for EVs.
From the manufacture prospective, the project has identified three key
levels in the value chain in which innovations have to be done, namely
electrode processing, cells and battery modules (figure 2.1).
Figure 2.1: Actions at 3 key level of the battery value chain [2]
The work done in part is addressed to the electrode processing stage
of the project. The purpose of this part of the project, which is also the
aim of the work of the thesis, is here shortly explained. The present
Li-ion technology involves the use of rather polluting materials and
expensive industrial processes. For example, PVdF, which is the most
popular polymer used as binder in battery electrode, requires the use of
volatile and toxic solvents for processing, such as N-methyl-pyrrolidone
(NMP). In addition, PVdF and NMP are expensive materials with
the former being not easy to recycle at the end of the battery life.
Additionally, avoiding the use of thermoplastic polymers allows higher
temperature drying, which may results in a shorter and less expensive
assembly process. Recently, alternative binders have been introduced
for the manufacturing of lithium ion batteries. Among them, one of
the most interesting is certainly CMC because of its water solubility
and its low cost. The benefits of developing beyond the state-of-the-
art water-based electrode casting process, avoiding NMP and other
organic solvents, graphically summarized in figure 2.2. Besides the
7
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improvement in environmental, health and safety terms, the initial
inversion and running costs of the solvent recovery system would be
avoided and water is indeed cheaper than NMP. The higher thermal
stability of the CMC with respect to PVdF would allow for higher
temperature drying and there would be no need of solvent recovering,
thus the process would be shorter and faster.
Figure 2.2: Schematic representation of aqueous electrode processing [2].
The second part of the thesis (Chapter 9) is dedicated to the math-
ematical modelling and simulation of a LIB. In most of the real ap-
plications of a battery, especially in hybrid environments (with a fuel
cell, capacitor, or electric components), there is a need of simultaneous
analysis and control of system during operation. Thus, physics-based
models are needed in this case to predict and to evaluate the state
of charge, state of health and other parameters of the battery at any
time. A suitable model for this purpose should be computationally ef-
ficient and sufficiently accurate. An accurate physics-based model, on
the other hand, is worth for understanding the limiting factors during
a battery operation and it is of help in the design and optimization
of the parameters of a battery. While experiments are necessary to
study the underlying physical chemistry of Materials, mathematical
models are useful in providing a fundamental understanding of the in-
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ternal transport phenomena. In two or three dimensional (2D or 3D)
models, the primary focus is mainly to determine temperature dis-
tribution across the cell (figure 2.3). Thermal management is crucial
for safety and for ensuring long lifetimes of batteries. High tempera-
tures typically shorten the battery lifetime by increasing the rate of
the degrading processes, and therefore active cooling may be needed
for high power applications. Another aspect of thermal management
is that large temperature gradients within a single battery, or battery
pack, need to be avoided since they may lead to non-uniform current
densities and non-uniform ageing phenomena. In a full-scale battery,
potentials varies along the current collectors due to ohmic drops, af-
fecting themselves the current distribution across the cell. In large
batteries, ohmic drops may be significant enough to affect current dis-
tribution, with a higher current closer to the tabs. A 2D or 3D model
may be desirable then in order to optimize the battery parameters for
reducing the above mentioned effects.
Figure 2.3: Temperature distribution in a cell under different discharge currents.
The third part of the thesis(Chapter 10), in the end, is a project
founded by ENEA (Ente Nazionele per le Energie Alternative) and
the Italian Economic Development Ministery. The increasing number
of EVs in the coming years, introduces the possibility of feeding the
energy stored in vehicle batteries back to the electrical grid. This
energy storage potential supports the objective of possibly providing
additional financial incentives and opportunities for EV owners and
by supporting emissions reduction by facilitating renewable energy
integration and electric grid stability. This is the so called vehicle-to-
grid concept (V2G) that goes together with the development of the
smart grid (figure 2.4).
9
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Figure 2.4: Schematic representation of the V2G concept.
The work provides a detailed analysis of the energetic efficiency of
V2G technology based on a parametric modeling approach.
10
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3.1 General features
In this chapter, material and components relevant to the Li-ion battery
technology during recent years are briefly described. An overview of
the different electrode materials, displaying their individual potentials
and capacities, is shown in figure 3.1.
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Figure 3.1: Voltage vs. specific capacity of different anode and cathode materials.
Comparison with the electrolyte stability window [6].
At the present state, the redox processes of anode and cathode
evolve respectively outside (ca. 0.05 V vs. Li/Li+) and at the limit
(ca. 4 V vs. Li/Li+) of the electrolyte stability window (0.8-4.5 V vs.
Li/Li+). Even though the initial reductive decomposition results in
an irreversible capacity loss, the formation of a passivation layer on the
anode (so-called SEI, Solid Electrolyte Interface) somehow guarantee
the cell to operate under kinetic stability. More problematic is the
oxidative decomposition occurring at the cathode, the battery volt-
age operation is practically limited to the electrolyte anodic stability.
The constant demand for higher energy density, thinner, lighter, safer
and cheaper batteries drives the research into the development of new
suitable materials. The electrode materials need to have high capacity
and durability, while the electrolytes should be capable of high ionic
conductivity with a good electrochemical stability. In order to be a
successful electrode material, a compound should satisfy a number of
criteria [72], [48], [42]:
• The intercalation/insertion compound should be able to accom-
modate a large number of lithium ions, to maximize the cell ca-
pacity. This depends on the number of available lithium sites in
the host structure as well as the ability of the transition metal to
12
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access multiple oxidation states;
• The Li+ insertion/de-insertion process has to be reversible and
accompanied by no, or very small, changes in the host structure
(topotactic reaction);
• The compound should be a good electronic and ionic conductor
to minimize polarization losses and, thereby, support a high cur-
rent density. These depend mainly on its crystal structure;
• It must be chemically and structurally stable over the whole volt-
age range, and insoluble in the electrolyte;
• To prevent unwanted oxidation or reduction of the electrolyte,
the cell potential must lie within the stability window of solvents
and salts used;
• It should be environmentally benign, easy to produce, with a low
overall cost and high stability in air for easy handling. It is also
necessary to take into account other requirements to choose a
good candidate as electrode material:
• Cathode materials should have a high potential versus Li+/Li;
whereas anode materials should have a low potential versus Li+/Li;
• High specific gravimetric and volumetric capacity for high energy
systems, i.e. a lightweight host with a large solid solubility for
reversible Li insertion;
• Good performance in a wide temperature range;
13
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• Long cycle life, i.e. a fully reversible reaction with a good chem-
ical stability of the electrode/electrolyte interface;
• Long shelf life, i.e. good chemical and electrochemical stability
with low self-discharge and reactivity between the components;
• The intercalation/insertion reaction kinetics should be fast.
3.2 Anode materials
3.2.1 Lithium metal
The most attractive material for the use as anode in rechargeable bat-
teries would appear to be lithium metal because of its high potential
and specific capacity (see figure 3.1). In spite of these advantageous
characteristics, the practical application of Li metal to a recharge-
able anode has been very difficult due to some crucial issues. The
most important one is that Li metal deposits as a dendrite or mossy
structure during charge (see figure 3.2) which gives a rise to a poor
coulombic efficiency. This happens because such a fine Li metal often
acts as an active site inducing reductive decomposition of electrolyte
components. Part of the deposit may become electrically isolated and
shedding may also occur. Furthermore, the fine metallic lithium may
easily penetrate into the separator and eventually cause internal short,
this resulting in heat generation and contingent ignition.
Figure 3.2: Dendritic growth of lithium during its electrodeposition [80].
Many attempts have been done in order to overcome this problem
in the last decades. The dendrite growth problem has been solved
14
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with 99.5% efficiency but this is still not enough to meet the safety
requirement. Even a single dendrite can be crucial for the battery life
as it is funnily depicted in figure 3.3.
Figure 3.3: Funny representation of cruciality of dendrites growth for a battery.
3.2.2 Carbon-Based anode materials
Many carbonaceous materials have been developed and characterized
so far for use as anodes for lithium-ion batteries. They include nat-
ural and synthetic graphite, petroleum coke, carbon fibers, mesocar-
bons and fullerenes. They differ upon temperature and method of
preparation, degree of crystallization and stacking order. The qual-
ity of sites capable of lithium accommodation strongly depends on
the crystallinity, the microstructure, and the micro-morphology of
the carbonaceous material. The type of carbon determines the cur-
rent/voltage characteristics of the electrochemical intercalation reac-
tion and also potential side reactions. Due to the variety of available
carbons a classification is inevitable. Most carbonaceous materials
which are capable of reversible lithium storage can roughly be clas-
sified as graphitic and non-graphitic (disordered). Non-graphitic car-
bons are further classified into two categories: soft carbons and hard
carbons. In soft carbons, small crystallites are stacked nearly in the
same direction while in hard carbons the crystallites have random ori-
entation (figure 3.4).
Graphitic carbon
Since the first introduction in the market of lithium-ion cells, graphite
is the most used electroactive material for the anode fabrication, due
to its unique characteristics in terms of safety, capacity, cyclability
15
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Figure 3.4: Schematic representation of hard, soft and graphitized carbon [75].
and low voltage of the lithium insertion/deinsertion mechanism. The
crystal structure of graphite consists of hexagonal graphene sheets of
carbon atoms weakly bonded together by Van der Waals forces into an
ABAB stacking sequence along the six-fold c-axis (figure 3.5). Three of
the four valence electrons are sp2-hybridised and form the C-C bonds
in the graphene planes, while the last electron in the 2pz orbital gives
a valence band and an overlapping a* conduction band. Graphite
crystal has two kinds of characteristics surfaces, normal and parallel
to its c-axis, which are called the basal and the edge plane, respec-
tively. Ideal basal plane surfaces are homogeneous and ”smooth” and
consist of carbon atoms. In contrast, the prismatic surfaces are het-
erogeneous and ”rough” and apart from carbon may contain various
surface groups. The quantity and the quality of surface groups can be
changed by mechanical, thermal or chemical measures.
In the graphite crystallographic structure, the planes are separated by
0.3354 nm, which allows easy insertion of foreign elements to form in-
tercalated graphite compounds [61]. This anisotropic structure is the
feature determining the electronic conduction along the layers and the
intercalation between the graphene sheets.
The mechanism of lithium intercalation in the active carbonaceous
materials of the negative electrode is simply described as:
xLi+ + +nC + xe− −→ LixCn
The intercalation/deintercalation process is known to proceed via the
prismatic and not via the basal plane surfaces. Through the basal
planes, intercalation is possible at defect sites only. During intercala-
tion the stacking order of the graphene layers shifts to AA.
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Figure 3.5: Crystal structure of hexagonal graphite showing the AB layer stacking
sequence, the unit cell, and the subdivision in basal and prismatic surfaces [24].
Intercalation/deintercalation mechanism of various carbons
The electrochemical characteristics of carbonaceous materials strongly
depend on the morphology, cristallinity, orientation of the crisllites,
etc. Figure 3.6 shows the typical charge and discharge characteristics
of graphite. During the first charging (intercalation), the potential
drops rapidly after subtle retardation at ca. 0.8 V. The main interca-
lation and deintercalation of lithium take place at potentials < 0.25 V
vs. Li+/Li, accompanied by three potential plateaus. The first cycle
is not completely reversible, the amount of charge that is not recovered
by the discharge is denoted as irreversible capacity (Qirr). The excess
of charge is ascribed to irreversible reactions of Li+ with graphite and
of the (lithiated) graphite with the electrolyte . At the second and
subsequent cycles, graphite shows good reversibility (rechargeability)
with Coulombic efficiency of 100%. The reversible specific capacity
(Qrev) typically ranges from 300 to 370 mAhg
−1. Upon uptake and
removal of lithium there is a volume change of 10%.
The most important and characteristic property of the intercala-
tion of lithium in the graphite is the staging phenomenon which is
characterized by intercalate layers periodically arranged in a matrix
of graphene sheets ). These stage structures are designated in terms of
stage index n, which denotes the number of graphene sheets between
adjacent intercalate layers. The lithium is distributed in-plane in such
a manner that the occupation of nearest neighbour sites is avoided
(figure 3.7).
Four different stage structures (n = 1-4) are known for lithium-
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Figure 3.6: Typical voltage profile of graphite [75].
Figure 3.7: Staging phenomenon upon intercalation/deintercalation of Li in graphite
[24].
graphite intercalation compounds, depending on the concentration of
lithium. The structure of of the stage-1 thus gives a composition LiC6.
This restricts the specific capacity of graphite to 372 mAhg−1.
Non-graphitic carbons
Compared to graphite, non-graphitic (disordered) carbons offer a wider
variety of structures and thus of sites available to lithium storage that
leads to different constant current charge/discharge potential profiles
(figure 3.8). It should be noted that the use of the term intercalation
is restricted to processes which involve the lithium accommodation
within the interlayer gaps of a layered host like graphite. Any other
Li storage process in carbons without significant layered structure is
considered as insertion process. Non-graphitic carbons can offer addi-
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tional or simply more sites for lithium accommodation than graphites.
As a result, they show a higher capability of reversible lithium stor-
age than graphites. The hard carbons are claimed not to be subject
to dimensional changes during lithium uptake and removal. The ir-
reversible capacity is generally higher compared with graphite: apart
from an irreversible trapping of lithium in the pore volume, the large
fraction of heteroatoms in the non-graphitic carbons, such as hydro-
gen and oxygen, can irreversibly bind a considerable amount of lithium
during reduction of the carbon. The end of charge potential of non-
graphitic carbons must be chosen very close to 0 V vs. Li/Li+ in
order to obtain the available capacity. These carbons might give rise
to some safety problems due to the risk of lithium plating at the end
of charge (especially in case of fast charging).
Figure 3.8: Typical schematic 1st cycle charge/discharge curve of (A) graphite, (B)
soft carbon, (C) soft carbon (low temperature), (D) hard carbon.[24].
3.2.3 Lithium metal alloy
Despite the advances made, carbons still suffer from problems like sol-
vent co-intercalation and limitation in gravimetric capacity. In the
last years a number of alternative possibilities for negative electrodes
have been reported; in particular, much effort has been devoted to the
use of metal alloys, e.g. LiXM (where M = Al, Sn, Pb, Si, Sb, In,
etc..). Li-metal alloys (LiXM) allows higher operating voltages and
they can provide higher specific capacities with respect to graphite.
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The lithium/silicon alloy has, by far, the highest gravimetric energy
density. In its fully lithiated composition Li21Si5 provides a specific
capacity of 4200 mAhg−1, compared with 3862 mAhg−1 for metal-
lic lithium and 372 mAhg−1 for graphite. However, regardless of the
element, the formation of Li-alloys is associated with a large volume
expansion that results in a pulverization of the electrode material and
loss of electrical contact between the material grain on prolonged cy-
cling.
3.2.4 Transition metal oxides (TMO)
Metal oxide anode materials can be divided into two classes: true
insertion compounds metal oxides capable of intercalation chemistry
at relatively high potential (1.4-1.8 V) and metal oxides able to deliver
capacities from reaction with lithium to form another material, which
is usually the reduced metal oxide encapsulated in a matrix of Li2O.
The latest are also named conversion reaction-based materials; these
materials are able to reversibly store lithium according to the following
reaction:
Li+ TMO −→ Li2 + TM
Where the metal is typically Co, Fe, Ni, Cu and Mn. An impor-
tant advantage of such conversion reaction is the possibility to tune
the voltage and capacity of the cell, according to the anion bonded
with the transition metal. The most widely considered metal oxide
is Li4Ti5O12. This material exhibit Li-insertion electrochemistry at
potential 1.5 V with a minimal volume expansion and a very good
cyclability with a capacity of 175 mAhg−1. The relatively high poten-
tial vs. Li makes this titanite electrodes intrinsically safer compared to
graphite. Another oxide that has received attention is TiO2 (anatase
polymorph). This material suffers from a higher insertion potential
than the spinel Li4Ti5O12 and of low lithium mobility efficiency.
3.3 Cathode materials
The best host candidates have showed to be oxides, as they can sup-
port both high valence state cations, to obtain a high open circuit volt-
age, and good 3d-electron conductivity on a transition-metal cation
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array. Transition metals are the elements that provide the redox activ-
ity to the material. The specific capacity is optimised by minimising
the equivalent weight of the active material, thus choosing the tran-
sition metal of the first-row (4th period) in the periodic table (e.g.,
V, Mn, Fe, Co and Ni). An overview of the most common cathode
materials is presented hereafter.
3.3.1 Layered oxide cathodes
Several oxides with a general formula LiMO2 (M = V, Cr, Co and
Ni) crystallize in a layered structure in which the Li+ and M 3+ ions
occupy the alternate (111) planes of the rock salt structure to give
a layer sequence of O-Li-O-M-O- along the c axis as shown in fig-
ure 3.9 for LiCoO2. The structure has an oxygen stacking sequence of
ABCABC along the c axis and the Li+ and M 3+ ions occupy the oc-
tahedral interstitial sites of the cubic close-packed oxygen array. This
structure, designed as the O3 layer structure since the Li
+ ions oc-
cupy the octahedral sites and there are three MO2 sheets per unit
cell. The structure with a strongly (covalently) bonded MO2 layers
allows a reversible extraction/insertion of lithium ions from/into the
lithium plane, fast two-dimensional lithium ion diffusion and good
electronic conductivity. Since the first appearance on the market of
Li-ion battery, LiCoO2 has been (and is currently) the most used
cathode material thanks to its high operative voltage of around 4 V,
practical specific capacity of about 150 mAhg−1 and its good cycle life.
The main drawbacks of this material are related to the high cost and
toxicity of cobalt; additionally, at high level of delithiation, it suffers
of structure instability due to the migration of the Co3+/4+ ions from
the octahedral sites of the cobalt plane to the octahedral sites of the
lithium plane.
LiNiO2 provides an important advantage compared to LiCoO2
since Ni is less expensive and less toxic than Co; moreover, it de-
livers higher reversible capacity of about 200 mAhg−1 with respect
to LiCoO2. The material has the same O3 crystalline structure as
LiCoO2. The electrochemical active couple Ni
3+/4+ provide a high
cell voltage of 4 V. However, this material suffer of a few problems:
(i) difficulty to synthesize LiNiO2 with all Ni
3+ and as perfectly or-
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Figure 3.9: Crystal stucture of LiCoO2 [4].
dered phase without a mixing of Li+ and Ni3+ ions in the lithium
plane, (ii) Jahn-Teller distortion associated with the Ni3+ ions, (iii) ir-
reversible phase transition occurring during the charge-discharge pro-
cess, and (iv) exothermic release of oxygen at elevated temperature
and safety concerns in the charged state. Some of the difficulties
encountered in the case of LiNiO2 have been overcome by a par-
tial substitution of Co for Li. The partial substitution of Ni with
Co is able to suppress the cation disorder and Jahn-Teller distortion.
However, this new formulation has been found to develop impedance
during cycling, particularly at elevated temperature. Many other
layered oxides have been investigated as possible cathode materials.
In most cases, problems in properly synthesizing the material were
encountered. Among them, LiMnO2 is of particular interests due
to its high specific capacity of about 200 mAhg−1. Unfortunately,
the pure LiMnO2 compound undergoes structure change up on cy-
cling. The addition of nickel, or most commonly nickel and cobalt, to
LiMnO2 can suppress the structure instability. The most commonly
used Li(Ni,Mn,Co)O2 composition contains equal amounts of the
three compounds, i.e. Li(Ni1/3Mn1/3Co1/3)O2. The latest combines
the advantages of various compounds, providing high capacity, good
rate capability and high operative voltages. Figure 3.10 shows a typ-
ical charge and discharge voltage profiles of Li(Ni1/3Mn1/3Co1/3)O2.
In the fully lithiated compound the cobalt is trivalent, the nickel is
predominantly divalent and the manganese is tetravalent. Thus the
electrochemically active species is predominantly nickel (Ni2+/4+) with
the cobalt playing an active redox role only in the later stages of
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lithium removal. The manganese is merely a spectator ion. Although
this material shows good electrochemical behaviour, their electronic
conductivity is still low for a high-rate cathode. For this reason, a con-
ductive agent, such as carbon black, is generally added to the electrode
composition.
Figure 3.10: Crystal structure and slope-like voltage profile of
LiNi0.33Co0.33Mn0.33O2 upon Li extraction/insertion.[24].
3.3.2 Spinel oxide cathodes
A few oxides with the general formula LiM2O4 (M = Ti, V, and Mn)
crystallize in the normal spinel structure (figure 3.11) in which the
Li+ and the M 3+/4+ ions occupy, respectively, the 8a tetrahedral and
16d octahedral sites of the cubic close-packed oxygen array. A strong
edge-shared octahedral [M2]O4 array permits a reversible extraction
of the Li+ ions from the tetrahedral sites without collapsing the 3-
dimentional [M2]O4 spinel framework. An additional lithium can also
be inserted in to the empty 16c octahedral sites of the spinel framework
to give the lithiated spinel Li2[M2]O4. The direct M-M interaction
provides good electrical conductivity.
The spinel LiMn2O4 have become appealing for lithium ion cells
due to the low cost and non-toxicity of Mn. However, this material
suffers from some major operational difficulties, such as low practical
specific capacity (limited to 100-120 mAhg−1), irreversible structure
modification especially at high temperature and storage losses.
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Figure 3.11: Crystal stucture of spinel LiMn2O4 [24].
3.3.3 Oxide cathodes with polyanions
The problem of M 3+ ions migrating from octahedral to tetrahedral
sites observed in the case of some particular layered LiMO2 can be
overcome by designing complex metal oxides consisting of poly ions
such as (SO4)
2− and (MoO4)2−. Such structure can be viewed as
obtained by the replacement of O2− anions by larger (XO4)n− polyan-
ion. Examples of such compounds are Li3Fe2(PO4)3 and Fe2(SO4)3.
However, the most important class inside polyanionic compounds is
constituted by phosphates (LiMPO4) crystallizing in the olivine struc-
ture with MO6 octahedra and PO4 tetrahedra (figure 3.12). The
most commonly used is LiFePO4 which exhibit a flat discharge volt-
age of around 3.3 V and a theoretical specific capacity of around 170
mAhg−1. This material shows several advantages compared with con-
ventional cathode materials, namely, it is non-toxic, inexpensive and
it contains iron that is among the most abundant elements in the
earth’s crust; moreover it is very stable and safe also at elevated tem-
peratures. However, LiFePO4 suffers from limited rate capability due
to poor electronic and lithium-ion conductivity.
3.4 Electrolytes
The chemistry of the anodic and cathodic active materials are de-
termining the features of battery performance, i.e., cell voltage, cell
energy density, etc.. Despite being an indispensable component, the
electrolyte is a subordinate technology in the development of LIBs. It
is responsible for the carrying of the ionic current within the cell and
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Figure 3.12: Crystal structure of phospho-olivine LiFePO4 viewed along the a-axis
(a), and the two possible spatial diffusion tunnels for Li+ ions running along the
caxis (b) and the aaxis (c) [14].
its chemistry affects the battery performance significantly. If a liquid
electrolyte is used, a separator must also be used to maintain an even
spacing between the electrodes and to block electronic current. Com-
mon separators consists of porous electronic insulators that can be
permeated by the liquid electrolyte. A suitable electrolyte should be
of such a nature to induce the morphologically best protective film over
the anode and to sustain the high operational voltage of the cathode.
It should also have low reactivity with the other components, mainly
with the electrode materials, assure safety and be cost effective. More-
over, it should have a high thermal stability, high ionic conductivity
and chemical stability.
3.4.1 Liquid-based electrolytes
A liquid electrolyte for lithium-ion batteries consists of an inorganic
salt dissolved in organic solvents. The choice of the electrolyte is re-
stricted to aprotic, non-aqueous systems due to the strong reducing
power of lithium. The key parameters for selecting a proper electrolyte
are the electrolyte conductivity and the electrochemical stability. To
meet the specific requirements, generally a mixture of solvents are
used. Standard electrolyte solution used nowadays in the mass pro-
duction of LIBs includes LiPF6 as lithium salt and alkyl carbonate
solvents. Ethyl Carbonate (EC) is a basic component together with
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cosolvents that are acyclic alkyl carbonates like: Diethyl Carbonate
(DEC), Dimethyl Carbonate and Ethyl-methyl Carbonate (EMC). EC
is suitable for its anodic stability higher than any other kind of sol-
vent. Moreover, it contributes to the formation of very stable SEI. A
good solvent worth for a performant electrolyte must be able to dis-
solve salts to sufficient concentration and should have low viscosity to
facilitate ion transport. It should also have low vapour pressure, low
melting (Tm) point and high boiling point (Tb) to ensure safety and
thermal stability in a wide temperature range. Moreover should be
non-toxic and economic. Figure 3.13 shows a list of the most common
solvents along with some of their physical properties.
Figure 3.13: Characteristics of some solvents used for Li-ion battery electrolytes
[77].
Lithium salts act as charge carriers during the electrochemical pro-
cess. Their general requirements, with respect to its anion, are: (i)
electrochemical stability at high potentials, (ii) chemical stability against
the other cell components and (iii) it should not be toxic. Table 3.1
shows a list of the most common lithium salts for LIBs along with
some of their physical properties.
3.4.2 Polymer electrolytes
One of the biggest challenge facing lithium batteries is related to their
safety. The flammability and low vapour pressure of the electrolyte
are responsible for explosion and fire hazard of a battery. In the last
decades many attempts have been made to try to replace the liquid
26
3.5. Additional components
Table 3.1: Effect of different lithium salts as an electrolyte solutes[29].
Salt Mol. Wt. Melting
Point, Tm/
oC
σ(mScm−1)
in PC
1M at 20oC in
EC/DEC
LiClO4 106.4 236 5.45 8.4
LiBF4 93.9 293 4.59 4.9
LiPF6 151.9 200 5.8 10.7
LiAsF6 195.9 340 5.7 11.1
LiCF3SO3 155.9 300 2.37 2.79
Li[N(SO2CF3)2] 286.9 234 5.1 7.2
Li[N(SO2CF2CF3)2] 387 350 4.43 7.82
electrolyte based on organic solvents with a solid one. Polymer mem-
branes, acting both as a separator and electrolyte, have introduced
the appealing concept of a full solid-state battery. This technology
would lead to an easier processability and the possibility of manufac-
turing batteries with a variety of shape and size and obviously safer
due to the absence of inflammable liquids. Due to their poor ionic con-
ductivity, a bare solid polymer electrolyte (SPE), which consists of a
lithium salt dispersed in a polymer matrix, remained a material of aca-
demic interest, with remote chance of applications. The polymers are
generally polyethers, poly-(ethylen oxide) (PEO), or poly(propylene
oxide) (PPO). In order to increase the ionic conductivity a liquid elec-
trolyte can be added to the polymer matrix giving the so called gel
polymer electrolyte (GPEs). Ionic Liquids (ILs), also known as room-
temperature molten salts, have been proposed as new green solvents
thanks to their physic properties of beeing comprised entirely of ions
and beeing fully liquid at room temperature. A part from other out-
standing properties, ILs shows attractive for their property of bee-
ing inflammable. GPEs containing ILs can achieve conductivities of
10−3µS/cm2.
3.5 Additional components
3.5.1 Separators
The main function of a separator is to prevent electric contact, while
enabling ionic transport between the positive and negative electrode.
It is a thin microporous membrane (< 30µm) generally made of polyethy-
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lene (PE) or polypropylene (PP). Polyolefin material provide excellent
mechanical properties, good chemical and thermal stability at an ac-
ceptable cost. Commercial membranes offer pore size in the range
0.03 − 0.1µm, and 50% porosity. Separators must be very good elec-
trical insulator and have capability of conducting ions by either intrin-
sic ionic conductor or by soaking the electrolyte. Some of the major
manufactures of LIB separators are Asahi Kasai, Celgard LLC, Entek
Membranes, Mitsui Chemicals and DSM.
3.5.2 Electronic conductivity enhancer
The electrode electronic conductivity is another crucial parameter af-
fecting the electrode performances. Minimum electrode conductivity
values required for LIBs must be around 10−1Scm−1. Cathode ma-
terials, particularly oxides, generally exhibit poor electronic conduc-
tivity (LiFePO4 is the extreme example with electronic conductivity
< 10−9Scm−1)[17]. To enhance electronic conductivity, electronic con-
ducting agents like carbon black, are usually added to the electrode
composition. Conductive carbon black is constituted of aggregation
of nano-sized particle that, once dispersed in the in the slurry, during
the electrode preparation, they surround the electrode active material
particles, thus creating a pathway for the current flow (figure 3.14).
As demonstrated by Dominko et al. [17], the distribution of the car-
bon around the active particles is also crucial. A uniform distribution
is needed in order to minimize the polarization due to insertion.
Figure 3.14: Sketched picture indicating the possible impact of carbon black (the
electronic conductivity enhancer) on the kinetics of the Li+/electron electrochemical
insertion into particles of the active material [17].
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3.5.3 Binders
A key role on the improvement in LIBs field in terms of performance,
costs and pollution is certainly played by the binder. As a matter of
facts, the binder is not only responsible for the binding of the electrode
material particles together and the electrode layer itself on the current
collector, but it strongly affects the electrode processing too. Beyond
providing a good binding function, a binder must be chemically and
electrochemically stable in the cell, it should have low thermal plastic-
ity and high thermal stability as to allow for high temperature drying
processes. The binding ability is in most cases based on the forma-
tion of a polymeric network into which the particles are mechanically
trapped (figure 3.15(b)). In the particular case of gelatine, the binding
effect is due to the formation of molecular bridges by direct adsorbtion
to neighbouring particles as depicted in figure 3.15(a).
Figure 3.15: Two different binding principles that can be used for the preparation
of composite electrodes consisting of powders: (a) direct binding by adsorption of
macromolecules on neighbouring particles and forming inter-particle bridges; (b)
Indirect binding by forming a 3D network into which particles are mechanically
entrapped[46].
So far, almost all commercially available LIBs are made using poly(vinylidene
fluoride) (PVdF) as the binder. This polymer is costly and it requires
the use of volatile and toxic organic compounds like the N-methyl
pyrrolidone (NMP) in the processing. Moreover, the electrodes done
with the PVdF are not easily disposable at the end of the battery
life. Recently, the research have been addressed to the introduction
of alternative, cheap and water-processable binders. Among all, the
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most interesting is certainly the sodium salt of carboxymethyl cellu-
lose (CMC). CMC, thanks to the presence of carboxymethyl groups,
is water soluble and respect to PVdF allows processing in aqueous
slurries rather than in polluting and toxic NMP-based slurries. The
second great advantage of CMC is that at the end of the battery life,
the electrodes can be disposed easily by pyrolysis of the binder and
recovery of the active electrode material. Moreover, the CMC is very
cheap, about an order of magnitude lower than PVdF. Recently, water
soluble binders like CMC and styrene butadiene rubber (SBR) have
been introduced for the manufacture of anodes for commercial LIBs.
Due to the sensibility to water of the lithiated compounds, water pro-
cesses are still not industrially applied for the manufacture of cathode
electrodes. The investigation and the development of water-based pro-
cesses for a cheaper and non-polluting cathode manufacture has been
a part of the work for this thesis and will be later on discussed.
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4.1 Electrochemical kinetic and thermodynamic
4.1.1 Electrolytic conductivity
The ability of an electrolyte to sustain the passage of electrical current
depends on the mobility of its constituent charged ions in the electric
field between electrodes immersed in the solution. Ions of charge ze0
(e0= elemental charge, z= number of charge) are subject to a force
F = ze0E (where E is the cell potential) that induce them to migrate
from the solution toward the electrodes in a direction in favour or
against the electric field E dependently from their sign. The total
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current i carried through a specific surface per unit time is the sum of
the ionic i+ and anionic i− current:
i = i+ + i− = e0(n+z+v+max + n
−z−v−max) (4.1)
where vmax= limiting velocity of ions. The ionic conductivity is a
characteristic property of an electrolyte. It is defined as the inverse of
a resistivity that is the attitude of a solution to be crossed by an ionic
current:
ki =
l L
A
(4.2)
l= distance [cm];
L= conductance [µS];
A= electrode surface [cm2];
ki= conductivity [µScm
−2]
Ionic conductivity is a function of the electrolyte concentration. As
shown in figure 4.1 for one of the most common electrolyte for Li-ion
batteries, the conductivity has an approximately linear dependence
for dilute solution and, after reaching its maximum across a 1M con-
centration, it decreases upon increasing the salt concentration.
Figure 4.1: Conductivity of LiPF6 in PC/EC/DMC as a function of LiPF6 concen-
tration for 333, 313, 293 K [36].
A linear variation of the conductivity on the concentration is valid
just for dilute solutions since we can neglect interionic interactions.
However, as we saw above, the effect of the electrostatic interactions
between ions gives rise to a strongly non-linear variation of ki with
c. Recalling from equation 4.1 the fact that the current density i
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can be written as the sum of partial currents i+ and i−, in order to
determine the values of the two currents individually, we must carry
out an additional measurement and determine the so called transport
numbers. The transport number of the cations is defined as:
t+ =
i+
i+ + i−
(4.3)
The transport number is dependent of concentration. It defines in
which rate the current is given by the mobility of which ion. The
two currents have generally different values since in most of the cases,
different ions possess different velocity and therefore different trans-
port number. Additional to the relation i = i+ + i− it has to be also
t+ + t− = 1. Generally, for electrolytes conventionally used in LIB, we
have t− > t+. This is presumably because, according to Capiglia et
al.[22], Li needs a larger number of solvent molecules in its solvation
shell.
4.1.2 Electrode potential
The maximum electric work obtainable from a cell corresponds to the
maximum useful work obtainable from the inner chemical reaction.
From the transformation of one mole of reactants, the variation in the
molar free energy, designated as ∆rG, can be found from standard
thermodynamic values:
∆rG = −nFE0 (4.4)
where E0 is the potential difference between the electrodes at open
circuit and F is the Faraday’s constant. The electrode potential arises
from the difference in the chemical potential between the solid (elec-
trode) and the liquid (electrolyte) phase. If the two phases are in
contact such that the chemical equilibrium (∆rG = 0) is established
between the phases, than for each component I present in the two
phases
µi = µi0 +RTln(ai) (4.5)
µi(I) = µi(II) (4.6)
If this condition is not fulfilled, then reaction will take place sponta-
neously until it is. Considering the case of a galvanic cell, as we can
33
Chapter 4. Mathematical modeling of Li-ion battery
see from figure 4.2, we have that the potential of the two electrodes
differ from each other and the cell voltage is than:
E = φ(II)− φ(I) = ∆φ(II)−∆φ(I) (4.7)
Figure 4.2: Schematic representation of the cell potential.
For a generic electrochemical reaction, the electrode potential de-
pends of the electrolyte concentration via the Nernst equation:
EA/C = −∆G 2F = E0 + RT
nF
ln(
aox
ared
) (4.8)
4.1.3 Electrode potential and electric current
Starting from the equilibrium condition discussed in 4.1.2 where the
nominal potential is given by E = Ec − Ea we let the electric cur-
rent flow through the external circuit of the cell, keeping track of
potential and current variations. Such current flow generates poten-
tial losses due to either internal resistance increase and polarization,
and the electrodes potential variation according with the character-
istic current-potential behavior of the active material. As displayed
in figure 4.3, these losses specifically include: (a) the activation po-
larization (ηct) due to the charge-transfer process associated to the
electrochemical reactions at the electrode surface; (b) the concentra-
tion polarization (ηc) given by the different concentration of reactants
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and products at the surface and bulk; and (c) the ohmic drop (iRi) is
due to the sum of the internal cell resistances.
Figure 4.3: Cell polarization as a function of the operating current [29].
Hence, the battery operative potential when a load current i passes
through the electrodes can be expressed as:
E = E0 − [(ηct)a + (ηc)a]− [(ηct)c + (ηc)c]− iRi (4.9)
where: E0 is the OCV; (ηct)a a and (ηct)c the activation polarizations
of anode and cathode; (ηc)a and (ηc)c the concentration polarizations
of anode and cathode; Ri the internal resistance of the cell; and i
the operating current. The electrode potential can be monitored dur-
ing cell operation with respect to a reference electrode as shown in
figure 4.4 a).
Figure 4.4: schematic representation of a three electrode cell (W = working, C =
counter, R = reference electrode), a); trend of the overpotential on the current, b).
When the current flows through the cell, at each electrode we have
the establishment of the following relationship between the current
and the potential:
i+ = i0 exp (αzFη RT ) (4.10)
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i− = −i0 exp (−(1− α)zFη RT ) (4.11)
were α is the asimmetric term, for α = 0, 5 the anodic curve is sym-
metric to the cathodic one. From 4.10 and 4.11 we can get an equa-
tion of the total current as function of the overpotential, namely the
Butler-Volmer equation:
i = i+ + i− = i0 [exp (αzFη RT )− exp (−(1− α)zFη RT )] (4.12)
For | η |>> RT/nF one of the two terms of 4.12 can be neglected. In
the case of a cathodic reaction, | η |<< RT/nF , the current can be
approximated with the 4.10. Switching to logarithms we have:
η = {2.303RT
αnF
} · log10j0 − {2.303RT
αnF
} · log10 | j | (4.13)
that is in the form of:
η = A+B · log10 | j | (4.14)
This semilogarithmic equation is known as Tafel equation. Figure 4.5
shows the trend of the latter, the intercept on the orizontal axes and
the slope of the curve are the parameters of the equation.
Figure 4.5: Graphical representation of Tafel equation.
4.2 Electrolyte mass transfer in Li-ion battery
The imposition of a potential difference across an electronic conductor
creates a driving force for the flow of electrons. Ohm’s law relates the
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current density to the gradient in potential by
i = −σ∇Φ (4.15)
where σ is the electronic conductivity. Similarly, applying an electric
field across a solution of ions creates a driving force for ionic current.
Current in solution is the net flux of charged species:
i =
∑
ziFNi (4.16)
where N, is the flux density of species i. While electrons in a con-
ductor flow only in response to an electric field, ions in an electrolyte
move in response to an electric field (a process called migration) and
also in response to concentration gradients (diffusion) and bulk fluid
motion (convection). The net flux of an ion is therefore the sum of
the migration, diffusion, and convection terms. In the following anal-
ysis we will consider just the migration and the diffusivity of a binary
electrolyte, which is a case very similar to a conventional electrolyte
for Li-ion battery.
4.2.1 Migration
When we place electrodes in the solution and apply an electric field be-
tween the electrodes, a driving force for the motion of charged species
is established. It drives cations toward the cathode and anions toward
the anode, that is, cations move in the direction opposite to the gra-
dient in potential. The velocity of the ion in response to an electric
field is its migration velocity, given by
vi,migration = −ziuiF∇Φ (4.17)
where Φ is the potential in the solution and ui called the mobility, is a
proportionality factor that relates how fast the ion moves in response
to an electric field. It has units of cm2mol/J .
The flux density of a species is equal to its velocity multiplied by its
concentration. Thus the migrational flux density is given by
Ni,migration = −ziuiFci∇Φ (4.18)
Summing the migrational fluxes according to equation 4.16 for a bi-
nary electrolyte, we see that the current density due to migration is
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given by
i = −F 2(z2+u+c+ + z2−u−c−)∇Φ (4.19)
The ionic conductivity κ is defined as
κ = F 2(z2+u+c+ + z
2
−u−c−) (4.20)
Thus, the movement of charged species in a uniform solution under
the influence of an electric field is also given by Ohm’s law:
i = −κ∇Φ (4.21)
We use κ instead of a to indicate that the mobile charge carriers in
electrolytes are ions, as opposed to electrons as in metals.
4.2.2 Diffusion
The application of an electric field creates a driving force for the mo-
tion of all ions in solution by migration. Thus in our Li-ion battery
system, the current is caused by fluxes of both Li+ and PF−6 , with the
cation migrating in the direction opposite to the anion. The transfer-
ence number of an ion is defined as the fraction of the current that is
carried by that ion in a solution of uniform composition:
ti =
ZFNi
i
(4.22)
However, in our system, only the Li+ is reacting at the electrodes.
Movement of PF−6 ions toward the anode will therefore cause changes
in concentration across the solution. In general, if the transference
number of the reacting ion is less than unity, then there will be fluxes
of the other ions in solution that will cause concentration gradients to
form. These concentration gradients drive mass transport by the pro-
cess of diffusion, which occurs in addition to the process of migration
described above. The component of the flux density of a species due
to diffusion is
Ni,diffusion = −Di∇ci (4.23)
where D, is the diffusion coefficient of species i. If the anion is not
reacting electrochemically, how does it carry current? At steady state,
of course, it does not. The flux of anion in one direction by migration,
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proportional to its transference number, must be counterbalanced by
the flux of anion in the opposite direction by diffusion. Thus, concen-
tration gradients will develop until diffusion of PF−6 exactly counter-
balances migration of anion. At steady state,
Ni,migration = −ziuiFci∇Φ = Ni,diffusion = −Di∇ci (4.24)
Before the concentration gradients have reached their steady-state
magnitudes, the anion is effectively carrying current because salt ac-
cumulates at the anode side of the cell and decreases at the cathode
side of the cell. While migration and diffusion of the anion oppose
each other, migration and diffusion act in the same direction for the
lithium ion, which carries all of the current at steady state.
Figure 4.6: Schematic view of the mass transport in the electrolyte.
A low transference number means that little of the current is car-
ried by migration of that ion. If the ion is the reacting species, then
more diffusion is needed to transport the ion for a lower ti and there-
fore a larger concentration gradient forms. The magnitude of these
concentration gradients is given by a combination of both the trans-
ference number and the salt diffusion coefficient (D and t+), while
kappa determines the ohmic resistance.
4.2.3 The origins of the concentration polarization
Sofar, we have seen the two main sources of resistance affecting the
battery: the so called surface overpotential, which represents the resis-
tance to electrochemical reaction (described by Tafel equation 4.14),
and the ohmic resistance, which is the resistance to ionic or elec-
tronic current. The presence of concentration gradients creates an-
other source of overpotential. In fact, if two identical electrodes are
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placed in solutions of different concentration (I and II), there will be
a cell potential given approximately by
ΦI − ΦII = UCONC = (1− t+)RT
F
ln
cI
cII
(4.25)
The partition of the charge transport through an electrolyte solu-
tion into contribution from anion and cation was first investigated by
Hittorf in the years 1853-1859 (figure 4.7). On the passage of one Fara-
day of charge through the cell, changes in composition were observed
in the two cell compartments.
Figure 4.7: Hittorf transport cell [15].
If we have a solution with a concentration gradient across it, instead
of two solutions separated by a porous disk, the potential between any
two points in solution still depends on the concentration differences in
a manner described by equation 4.25. This potential difference caused
by a concentration gradient can be referred to as a concentration over-
potential.
4.3 Mathematical model of Li-ion battery
4.3.1 Applications for the models
Mathematical modeling of lithium-ion batteries involves the specifica-
tion of the dependent variables of interest (e.g., solution phase con-
centration) and the first principles based derivation of governing equa-
tions for these dependent variables (based on the physics of the battery
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system) with specification of boundary/initial conditions and nonlin-
ear expressions for transport/kinetic parameters. The development of
a detailed mathematical model is important to the design and opti-
mization of lithium secondary cells and critical for their scale-up. One
of the most useful aspects of computer simulation is that they allow
us to understand limiting factors affecting the electrochemical pro-
cesses within the battery. Such simulations are particularly relevant
for the investigation and development of electrolytes. Since the three
transport properties for a binary electrolyte , D and t+, all vary with
temperature and concentration, and all of these properties are affected
by the nature of the solvent and salt, determining a data matrix un-
der different conditions would require a large number of experiments.
On the contrary, simulations can be run easily in order to compare
performance under different conditions in order to evaluate trade-offs
among the transport properties. Doyle et al [69] show how the full
cell-sandwich model can be used to salt concentration in the cell as
function of time, position and current density. Results shows that
most of the concentration depletion occurs inside the porous electrode
rather than in the separator, limiting accessible capacity upon high
discharge rates. The performances of Li-ion batteries play an impor-
tant role in vehicle energy management. Hence, battery modeling is
one of the most important tasks for electric and hybrid vehicle control.
This requires a model that can simulate in real-time in order to make
them compatible with estimation algorithms embedded in on-board
electronic control units. For example, a battery management system
in an HEV has to estimate the battery state of charge (SOC) in real-
time in order control the electrical power coming in and out of the
battery as well as to prevent the battery pack from excessive heating.
For analysis and control of lithium-ion batteries in hybrid environ-
ments (with a fuel cell, capacitor, or electrical components), there is
a need to simulate state of charge, state of health, and other parame-
ters of lithium-ion batteries in milliseconds. Moreover, models can be
developed to simulate capacity fade of LIB due to continuous solvent
reduction and passivation film formation. In general, the numerical
simulation of LIB models is done by discretizing all the variables in
the x coordinate using finite difference element (FDE) technique. The
models are monodimensional in the direction perpendicular to the elec-
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trodes face and no thermal effects are taken into account within the
electrochemical model. A full order isothermal 1-dimensional model
is hereafter presented with volume-averaged equations for the solid
phase and with incorporation of concentrated solution theory, porous
electrode theory, and with the due consideration to the variation in
electronic/ionic conductivities and diffusivities.
4.3.2 Model description
Most of the current rigorous Li-ion battery models are derived from
the porous electrode and concentrated solution theories proposed by
Newman and Tiedeman [38] and Doyle et al. [47] which mathemati-
cally describe charge/discharge and species transport in the solid and
electrolyte phase across a simplified 1D spatial cell structure. This
1D model of a Li-ion battery considers dynamics along only one axis
(the horizontal x-axis) and neglects the dynamics along the remaining
two axis [67, 68, 37]. Figure 4.8 shows a sketch of the sandwich cell
that has been modelled in terms of galvanostatic charge and discharge.
The composite electrodes consist of an inert conducting material, the
electrolyte, and the solid active insertion particles.
Figure 4.8: Anatomy of Li-ion cell [73].
In this section, equations required to simulate the electrochemical
performances of porous electrodes are described. In porous electrode
theory, properties are averaged. The electrode phase is coupled to the
electrolyte phase via mass balance and via the reaction rate, which
depends on the potential difference between phases.
42
4.3. Mathematical model of Li-ion battery
Potential in the Solid
The potential in the porous solid (electrode) phase is determined from
Ohm’s Law:
i1,i = I − i2,i = −σi∇φ1 (4.26)
where i1 is the current in the electrode phase. The electronic conduc-
tivity is correlated with the volume fraction of the electrode by the
Bruggeman relation, σeff,i = σi(1−i−f,i). Expressing the 4.26 in the
x-direction and in terms of Li+ flux, remembering that∇i1,i = −apFji
yield to:
σeff,i
∂2φ1,i
∂x2
= apFji (4.27)
With boundary conditions (for galvanostatic operation) at the current
collectors being proportional to the applied current density
σeff,p
∂2φ1,i
∂x2
|x=0 = σeff,n∂
2φ1,i
∂x2
|x=L = I (4.28)
σeff,p
∂2φ1,i
∂x2
|x=Lp = σeff,n
∂2φ1,i
∂x2
|x=Lp+Ls = 0 (4.29)
Transport in the electrolyte
Transport in the electrolyte is modelled with concentrated solution
theory, assuming a binary electrolyte and solvent. Such theory in-
cludes interactions among all species present in solution; the electri-
cal conductivity, the transference number of the lithium ion, and the
diffusion coefficient of the lithium salt characterize transport in the
electrolyte. The foundation of concentrated solution theory is the
Stefan-Maxwell equation [49]
ci∇µi =
∑
j 6=i
Kij(vj − vi) (4.30)
where vj,i is the velocity of the species and Kij are the fractional co-
efficient describing interactions between species i and j. The Stefan-
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Maxwell equation can be inverted to yield two independent flux equa-
tions in the form [54]:
N+ = −v+D∇c+ it
+
z+F
(4.31)
and
N− = −v−D∇c+ it
−
z+F
(4.32)
Since usually only the cation reacts in lithium ion batteries, the equa-
tions are made simpler later on if we focus only on a mass balance of
the anion. By electroneutrality, the mass balance for the anion must
be identical to that of the cation. Therefore, from porous electrode
theory, the mass balance can be written as:
εi
∂c−
∂t
= −∇ ·N− + aij− (4.33)
Substituting in the flux equation, one obtains:
εi
∂ce,i
∂t
= Deff,i
∂2ce,i
∂x2
+ ai(1− t+)ji (4.34)
The boundary conditions for 4.34 capture the fact that the fluxes of
the ions are zero for all time at the current collector. Since the flux is
proportional to the concentration gradient at the positive and negative
current collectors, we have
Deff,p
∂ce,p
∂x
|x=0 = −Deff,p∂ce,p
∂x
|x=L = 0 (4.35)
We also need four additional boundary conditions at the electrode-
separator interface. These boundary conditions are obtained from con-
tinuity of the flux and concentration of the electrolyte at the electrode-
electrolyte interface as
Deff,p
∂ce,p
∂x
|x=L−p = −Deff,s
∂ce,s
∂x
|x=L−p (4.36)
Deff,s
∂ce,s
∂x
|x=(Lp+Ls)− = −Deff,p
∂ce,n
∂x
|x=(Lp+Ls)+ (4.37)
ce,p |x=(L−p ) = ce,s |x=(L+p ) (4.38)
ce,s |x=(Lp+Ls)− = ce,n |x=(Lp+Ls)+ (4.39)
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Eq. 4.34 must also satisfy the initial condition
ce,i |t=0 = ce,n,0 (4.40)
The effective diffusion coefficient Deff,i is calculated from a reference
coefficient using Bruggman relation Deff,i = Di
brugg
i that accounts
for the tortuous path that Li+ ions follow through the porous media.
In this expression, D is the electrolyte diffusion coefficient that varies
with electrolyte concentration.
Transport in the solid
Transport in the solid can be modelled within a single particle assum-
ing the electrode material to be made up of spherical particles with
diffusion being the mechanism of transport of the lithium into the par-
ticle [54]. However, for this work volume-averaged equations for the
solid phase are used. The accumulation in the solid-porous electrode
is expressed by
d
dt
caves + 3
ji
Ri
= 0 (4.41)
The reaction term is linearly dependent of the solid diffusion coef-
ficient with the driving force of the reaction being the difference in
concentration between the particle surface concentration ant the par-
ticle average concentration:
5Ds,i
Ri
(csurfs − caves ) = −ji (4.42)
The two relations above must satisfy the initial conditions
caves |t=0 = cs,max,i (4.43)
Current density balance
The current density in the two phases is conserved:
I = i1,i + i2,i (4.44)
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The total current density, I, is uniform and flows through the either the
electrolyte phase (i2,i) or through the insertion material phase (i1,i).
The current flowing in the matrix is governed by Ohm’s law
i1,i = −σ1∇φ1,i (4.45)
The variation of potential in the electrolyte is
i2,i = −κi∇φ2i + 2κeff,iRT
F
(1− t+)∂ln c
∂x
(4.46)
Substituting the 4.45 and 4.46 in the 4.44 and expressing in the x
direction yield to
I = σeff,i
∂φ2,i
∂x
− κeff,i∂φ2,i
∂x
+
2κeff,iRT
F
(1− t+)∂lnc
∂x
(4.47)
Equation 4.47 must respect the following boundary conditions
− κeff,i∂φ2
∂x
|x=0 = 0 (4.48)
− κeff,i∂φ2
∂x
|
x=l
′−
p
= −κeff,i∂φ2
∂x
|
x=l
′+
p
(4.49)
Reaction rate
A rate equation is needed to determinate the dependence of the local
electrochemical reaction rate on concentration rate and potential. For
a general charge-transfer reaction from a liquid electrolyte the follow-
ing form is assumed for the insertion process
Li+ + e− + θs  Li− θs (4.50)
The Butler-Volmer rate equation is used to model the reaction kinetics
ji = 2ki(cs,max,i − cs,i)0.5c0.5sinh [0.5F
RT
(φ1,i − φ2,i − Ui)] (4.51)
The overpotential η is defined as
η = φ1,i − φ2,i (4.52)
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The term (φ1,i − φ2,i − Ui) in 4.51 is the deviation from the thermo-
dynamic potential difference between the solid and the solution at the
existing surface concentrations.
Equations 4.27, 4.34, 4.42, 4.47, 4.51 are linearized and solved si-
multaneously. There are two independent variables (x and t) and five
dependent variables in each electrode (c, φ1, φ2, c
ave
s and ji).
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5.1 Analytical methods
5.1.1 Scanning Electron Microscopy (SEM) and Energy Dis-
persive X-ray Spectroscopy (EDX)
Scanning Electron Microscopy is a very versatile type of electron mi-
croscopy for characterizing morphology, topography, micro-structure
and chemical composition of material. Images of a sample are pro-
duced by scanning it with primary, high-focused electron beam. The
primary electrons are produced by an electron source based on an
electrically overheated tungsten filament. They are first accelerated
through the chamber thanks to an acceleration voltage ranging be-
tween 10 and 20 kV and a pressure chamber of 10−6 mbar, and then
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direct through an electromagnetic collimator that deflects the colli-
mated beam toward the sample. The primary electrons enter a sur-
face with an energy of 0.5-30 keV, and generate plenty of secondary
electrons lower in energy. The intensity of these secondary electrons
is largely governed by the surface morphology of the sample. A 3-D
image of the sample surface can, thus, be rebuilt by measuring the
intensity of the secondary electrons as a function of the primary elec-
tron beam position during scanning. Particularly useful for studying
the elemental composition of a specimen are the characteristic X-rays.
There are generated when the electron beam removes an electron from
the inner shell of the investigated material. In such a situation, an elec-
tron from a higher energy shell fills the void and releases energy in the
X-ray form [82, 5]. Each element gives a set of peaks, fingerprint of its
unique electronic structure. The SEM-EDX microscopy is equipped
with an EDX or EDS (Energy-dispersive X-ray spectroscopy) detector.
5.1.2 X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface analysis technique capable of measuring the elemental
composition of the outer 5 to 10 nm of a solid surface. Spectra are ob-
tained by irradiating the specimen’s surface with an X-ray beam while
simultaneously measuring the kinetic energy and number of secondary
electrons. All elements from atomic number (Z) of 3 and above can
be detected. When a X-ray of known energy (hυ), generally Al(Kα)
at 1486.7 eV or Mg(K) at 1253.6, interacts with an atom, a photoelec-
tron can be emitted via the photoelectric effect. The emitted electron
kinetic energy (Ek) can be measured and the atomic core level binding
energy (Eb) can be obtained by the formula:
Eb = hυ − (Ek + φsp)
where φsp is the work function of the spectrometer. Chemical informa-
tion about the sample can be extracted because binding energies are
depending from the chemical environment of the atom. Essentially,
binding energy will increase as chemical state number increases. A
typical XPS spectra is a plot of the intensity (number of electrons)
versus the binging energy of the detected electrons (figure 5.1). Each
element produces a characteristic set of XPS peaks at characteristic
49
Chapter 5. Experimental
binding energies values that directly identify the element itself. The
peak intensity is related to the amount of that element present on the
sample’s surface. Once a test have been performed and the character-
istic spectrum have been obtained, one must proceed with the process
of peak-fitting in order to separate effects of different elements and
to obtain information about the composition. This step is done man-
ually. The element identification is than automatically done by the
computer thanks to tables of binding energies that are included with
XPS instruments.
Figure 5.1: Diagram of an X-ray photoelectron spectrometer [3].
5.1.3 Inductively coupled plasma mass spectrometry ICP-
MS
ICP-OES is a particular kind of emission spectroscopy employing
an inductively coupled plasma (ICP) for producing ions and excited
atoms. These emit afterwards their typical electromagnetic radiation
and thus enable the detection of the sample’s elemental components.
The evaluation of the emission intensity allows the quantitative chem-
ical analysis of the specimen. This technique is particularly used for
the detection of metal traces. The basic set-up (see figure 5.2) con-
sists of three concentric tubes, most often made of silica, which col-
lectively make up the torch of the ICP. The torch is situated within
a water-cooled coil of a radio frequency (r.f.) generator. As flowing
gases are introduced into the torch, the r.f. field (typically 1-5 kW, 27
MHz) is activated and the gas in the coil region is made electrically
conductive. This sequence of events forms the plasma. The plasma
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must be insulated from the rest of the instrument, to prevent possi-
ble short-circuiting as well as meltdown. Insulation is achieved by the
concurrent flow of gases through the system. Three gases flow through
the system: the outer gas, the intermediate gas, and the inner or car-
rier gas. The outer gas (typically Ar or N2) has been demonstrated
to serve several purposes including maintaining, stabilizing and ther-
mally isolating the plasma from the outer tube. Ar is commonly used
for both the intermediate gas and the inner or carrier gas. The pur-
pose of the carrier gas is to convey the sample to the plasma. An ICP
requires that the elements which are to be analysed be in solution,
usually an aqueous solution. The nebulizer transforms the aqueous
solution into an aerosol. The light emitted by the atoms of an ele-
ment must be converted to an electrical signal that can be measured
quantitatively. This is accomplished by resolving the light into its
component radiation and, then, measuring the light intensity with a
photomultiplier tube at the specific wavelength for each element line.
The intensity of the electron signal is compared to previous measured
intensities of known concentration of the element and a concentration
is computed.
Figure 5.2: Schematic view of the functioning principle of ICP-OES [76].
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5.1.4 Thermal gravimetric analysis (TGA)
The TGA is a technique by which the physical and chemical prop-
erties of a substance are measured as a function of the temperature
or the time, while the sample is subjected to controlled temperature
programme. As shown in figure 5.3, the TGA measures the weight
changes of the sample as function of the temperature.
Figure 5.3: Schematic example of hypothetical TG curve of a material losing weight
in three distinct temperature ranges.
5.2 Electrode preparation
Commercial LiNi1/3Mn1/3Co1/3O2 (NMC, TODA), graphite SPL-30
and SLG3 (TIMCAL) were used as received as active materials for the
tests. The electrodes have been fabricated via a wet-route, whose main
steps are depicted in figure 5.4. The wt.% values given in the elec-
trodes formulations refer to the total weight of the dried mixture. In
case of water based electrodes preparation, firstly the binders (CMC,
from Walocel CRT and SBR, from EVONIK) were dissolved in an ap-
propriate quantity of water so that the solution had a certain viscosity.
Afterwards, where required, the conductive agent (C-NERGYTM Su-
per C45, TIMCAL) was added to the previous solution and mixed for
6 h. Finally the active material was added and the whole was stirred
for additional time no longer than 2 h. The resulting slurry was than
coated onto the current collector (Al foil of 20 µm and purity >99.9
% for the positive electrodes and Cu foil of 10 µm and purity >99.9
% for the negative electrodes) using doctor blade technique. The elec-
trodes sheet so obtained where dried in oven at 80 oC. PVdF-based
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electrodes were prepared through a similar procedure replacing water
and CMC with NMP and PVdF (Kynar Flex 2801, ARKEMA). Elec-
trodes were than dried at 80 oC. Disk electrodes of 1.13 cm2 were cut,
pressed and dried under vacuum at 180 oC when CMC-based and at
120 oC when PVdF-based. The electrode drying at high temperature
(in case of water processed electrodes) has been a necessary step for
the investigation of the fast drying process feasibility in a hypothetical
industrial process. The typical mass loading of the electrodes ranged
between 4 and 5 mg cm2. Finally, electrodes were compressed by static
pressing or by calendaring at different value pressures depending on
the electrode application.
Figure 5.4: Schematic view of the electrode fabrication process, from material mixing
to electrode pressing/calendaring.
Preparation of carbon coated Al-foils
The technique of coating the positive current collector has been inves-
tigated as solution for preventing the metal from corrosion during the
step of electrodes fabrication. Aluminum was coated with carbon by
casting a C-NERGYTM Li-Quid 101 (TIMCAL) dispersion using a
handle profilebar coater (BG Set 220, MTV-Messtechnik) with 6 mm
deep grooves. The obtained layer was dried at 60 oC for 30 min to
let the solvent (water) evaporate completely. The carbon layer was
also pressed via the calendaring of the foil. Carbon coatings with a
resulting dry thickness of ca. 2 µm (loading mass: 0.2 mg cm−1) and
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ca. 5 µm (loading mass: 0.5 mg cm−1) were produced. Carbon coated
aluminum foil is referred in the following as Al-cc.
5.3 Electrodes characterization
5.3.1 Cell configurations
Swagelok T-cells Swagelok cell are one type of the so called T-cells due
to their particular shape where the working (WE) and the counter elec-
trode (CE) are aligned whereas the reference electrode (RE) is placed
on the top. In this work, half-cell measurements with graphite-based
anode electrodes were carried out in T-cells. A reference electrode, in
fact, is fundamental for an accurate evaluation of the electrochemical
potential when the potential difference between WE and CE is almost
null, like in the case of lithium and graphite. As displayed in figure 5.5,
in the half cell configuration CE and RE consisted of metallic Li. The
electrodes (WE and CE) had circular shape with a diameter of 12 mm
(1.131 cm2 area). In order to avoid contaminants and to achieve the
best working conditions, every step of the cell assembly process took
place in a Ar-filled glovebox, where the amount of O2 and H2O was
controlled not the exceed 1 ppm. Once the assembly was completed,
each T-cell was taken out of the glovebox, sealed with Parafilm and
the OCV was checked before being connected to the electrochemical
testing system.
Pouch cells For the electrochemical characterization of electrodes in
full-cell configuration pouch cells were used instead of Swagelok cells.
Half-cells for the testing of cathode electrodes were also performed
using this technique. In this case the lithium worked both as a CE
and RE. With comparison to the latter, pouch cells have indeed sev-
eral advantages such as a better sealing that allows measurements at
temperatures different than room temperature and over a long time
period. The possibility of testing the electrodes in condition very sim-
ilar to the real battery operation is extremely important to reliably
evaluate electrochemical performance of a certain material. The cells
were assembled in a dry room with a configuration depicted in fig-
ure 5.6. Nickel metal stripes were used as current conductors In a
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Figure 5.5: Scheme of a typical Swagelok T-cell in half-cell configuration and its
components (readjusted from[10]).
dry room, the two electrodes were winded together with a Celgard R
separator and glued with a temperature stable adhesive tape.
Figure 5.6: Scheme of a typical Pouch cell in half-cell configuration and its compo-
nents.
5.3.2 Techniques
Galvanostatic cycling Galvanostatic charge/discharge is the most com-
mon electrochemical technique used for the characterization of en-
ergy storage devices. In a galvanostatic experiment (also known as
chronopotentiometry”), the initial potential of the working electrode
(E1) is forced to move to a target potential (E2) by the application of
a constant current (i) between the working and the counter electrode
[7]. The potential between working and reference is then recorded
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as function of time. By inverting the sign of the current, the work-
ing electrode potential can be brought backwards to the initial value
(see figure 5.7). For comparison purposes, the capacity is generally
normalized to the active mass of the electrode by introducing the
specific capacity (Qspec,mAhg
1). The cells investigated in this study
were charged and discharged with different currents, which are given
in ”C-rate”. The C-rate defines the current needed for completely
charging/discharging the cell’s theoretical capacity in a certain time.
Specifically, under a C-rate of x the cell will provide its entire capacity
in 1=x hours. For example, discharge C-rates of C/5, C and 5C mean
respectively 5 hours, 1 hour and 12 minutes of discharge time. Worth
to be noted is the meaning of the nomenclature charge/discharge. In
full battery operation conditions, charge refers to the Li extraction
from the positive electrode (oxidation) and the insertion in the nega-
tive one (reduction). Whereas, during discharge Li is extracted from
the negative electrode (oxidation) and inserted in the positive one
(reduction). The galvanostatic cycling experiments of anodes were
performed 3-electrodes configuration while the cathodes where mainly
tested in pouch-cells using a Maccor Battery Tester 4000 Series (Mac-
cor Inc., USA).
Figure 5.7: Schematic view of (a) experimental apparatus, (b) current excitation,
and (c) voltage response in a galvanostatic charge/discharge experiment [76].
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Cyclic Voltammetry (CV) Cyclic voltammetry (CV) is a potentiody-
namic technique, widely used for acquiring information about electro-
chemical reactions. As displayed in figure 5.8, during a measurement,
a linear and cyclic scan of the potential is imposed on the working elec-
trode; this potential is relative to a reference electrode, which shows
a stable reference voltage because it is not involved in any reaction.
At the same time, the current flowing between the working electrode
and the counter-electrode is recorded. The current is then plotted as a
function of the applied potential. The reversibility as well as the redox
potentials can be estimated by analysing the peak currents (ia, ic) and
peak potentials (Ea, Ec). A certain separation between the peak po-
tentials for oxidation (anodic peak, Ea) and reduction (cathodic peak,
Ea) is always present, even for reversible redox couples (Nernstian pro-
cess, ia = ic = 1), due to the uncompensated ohmic resistance. Such
polarization is often dependent on the scan rate (V s−1) and arises
also from the activation barrier of the charge transfer process and the
diffusion of reactants at the electrode surface.
Figure 5.8: Schematic view of (a) experimental apparatus, (b) current excitation,
and (c) voltage response in a cyclic voltammetry experiment [76].
Electrochemical Impedance Spectroscopy (EIS) The terms resistance
and impedance denote both an opposition to the electron flux. The
potential drop of a cell due to the generation of a direct current (dc)
is directly proportional to the electrochemical processes involved, e.g.
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mass transfer trough the electrolyte, electronic transfer and electronic
conduction. In this case the resistance is defined by the Ohm’s law:
E = R x I
where E is the dc potential, I is the current and R is the resistance (ω).
The resistor R is the total resistance and it is impossible to evaluate the
contribution given by each process. However, if an alternating current
(ac) is applied, from the obtained resistance value one must distinguish
the pure ohmich resistances from the non ohmich resistances which are
generally function of the frequency (often indicated as impedance). In
this case, beside the resistor, two more elements of the circuit oppose
resistance: capacitors and inductors. The resistance (impedance in
this case), defined in the complex plane, is expressed analogously by
the Ohms law:
E = Z x I
where Z is the impedance (ω). Differently from galvanostatic and
voltammetric methods, where the electrode is usually driven rather
far from equilibrium conditions, in EIS the system is perturbed with
an alternating signal (voltage or current) of a very small amplitude [7].
Figure 5.9 displays a scheme of a system for measuring impedance in
a frequency domain. A Frequency Response Analyzer (FRA) provides
a sinusoidal signal to the potentiostat that can be expressed as:
E(t) = E0sin(ωt)
where ω is the angular frequency and E0 the signal amplitude cell. De-
pending on the nature of the investigated system, the current response
might result shifted in phase (φ) and with a different amplitude (I0):
I(t) = I0sin(ωt+ φ)
Once it is fed to the analyzer, mixed with the input signal and inte-
grated, according to the Ohm’s law, the impedance Z is obtained as
follows:
Z = E(t)/I(t) =
E0sin(ωt)
I0sin(ωt+ φ)
= Z0
sin(ωt)
sin(ωt+ φ)
Using the complex numbers notation, Z can be described in a vector
diagram as a function of its real (Zreal) and imaginary (Zim) parts:
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Z(ω) = Z0(cosφ− jsinφ) = Zreal − jZim
where j indicates the imaginary unit (j =
√−1). The plot of imag-
inary vs. real components of the impedance for different values of
frequency is the so-called Nyquist plot. An alternative mode of rep-
resenting impedance spectra is to display either log|Z| or φ vs. logω.
This is usually referred as Bode plot and has the advantage to better
highlight the different frequency domains.
Figure 5.9: Schematic view of (a) experimental apparatus, (b) sinusoidal excitation/
response, and (c) typical Nyquist plot in an EIS experiment [76].
As reported in figure 5.10, the response of different physical ele-
ments (such as resistors, capacitors, etc.) to a sinusoidal stimulus can
be various, and their impedance described with specific equations.
Their combination in series or in parallel results in a particular shape
of the impedance spectrum, system. Figure 5.10 d displays for ex-
ample the Randles equivalent circuit [53], which is probably the most
famous model used for describing electrode-electrolyte interfaces.
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Figure 5.10: Nyquist plots of physical elements very common in electrochemical
systems: (a) resistor, (b) capacitor and (c) Warburg element. As an example, the
Nyquist plot of the (d) Randles equivalent circuit (electrode-electrolyte interface) is
also reported [76].
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6.1 Effects of processing LiNi1/3Mn1/3Co1/3O2 in wa-
ter
The wide development of lithium ion batteries in the automotive in-
dustry would have tremendous consequences on the battery market
also. One of the key points of the future wide scale production is
the development of new technology-based processes using innovative
materials [57, 56], allowing a more environmental friendly battery com-
ponents production, a substantial shortening of the battery assembly
procedure, an easier and more effective recycling at the end-of-life and,
most importantly, a remarkable cost reduction. Water processing of
cathode materials, using CMC as binder, is certainly a pathway to
cheaper and greener Li-ion battery manufacturing, but some prob-
lems still need to be solved [34, 81]. Concerning the water processing
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of NMC, however, the major problem was found to be the corrosion
of the aluminum substrate. The high pH values of NMC-based water
slurries reduce the use of pure aluminum as conventional current col-
lector. As well known, due to its very high reduction potential value,
aluminum very quickly oxidizes in the presence of oxygen: a very thin
aluminum oxide layer (2 nm) is formed which is chemically bonded
to the surface, protecting the core of aluminum from any further ox-
idation. This is the key point of its stability against corrosion. The
native aluminum oxide film is tenacious, hard, and instantly selfrenew-
ing and it provides excellent protection except in some special cases.
However, when exposed to extreme pH levels, a breakdown of the pro-
tective layer occurs and its automatic renewal may not be fast enough
to prevent corrosion [23]. The protective aluminum oxide film is gen-
erally stable in the pH range extending from 4.5 to 8.5 (figure 6.1).
Outside of this range, a breakdown of the protective layer occurs caus-
ing the oxidation of pure Al of the core. Thus, localized accelerated
dissolution of metal takes place and under favorable conditions a stable
corrosion pit grows quickly. Temperature is a critical factor in pitting
corrosion [32, 66]. At high pH, water soluble Al species are formed
(see table in figure 6.1), which, during the lithium battery cathode
processing, may interact with the cathode active material.
Figure 6.1: E-pH (Pourbaix) diagram of aluminum with four concentrations of sol-
uble species (25oC) (left) and possible reactions between the four chemical species
containing aluminium (right) [19].
Additionally, the corrosion solid products may increase the electri-
cal resistance at the active material/ current collector interface while
its soluble products may contaminate the electrolyte. Conventional
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lithium ion battery cathode materials are metal oxide based. Because
of their nature, these materials easily react with water forming hy-
droxides, thus behaving like bases when being in contact with water.
Additionally, delithiation of the particles surface layer might occur
because of H+/Li+ exchange as well as due to NMC oxidation caused
by dissolved oxygen. X. Zhang, et al and X. Xiong, et al [25, 27] have
investigated the effect of exposure of NMC to humidity. Their results
showed that the water rapidly leads to a delithiation of the surface
layer of the particles and consequently to the formation of contami-
nants like LiOH and Li2CO3 (figure 6.2 a), but the structure stability
of inner layers is kept intact as shown by XRD patterns (figure 6.2 b).
Figure 6.2: Raman spectra of of NMC in the pristine state, and after exposure to
ambient atmosphere during 24 h (left); XRD patterns of NMC before and after aging
[81].
The delithiation phenomena leads to a decrease of the available ma-
terials capacity, which, however, is a minor inconvenient when com-
pared to the generated high pitting corrosion of the aluminum cur-
rent collector occurring when casting water-based NMC slurries. The
corrosion process takes place continuously upon drying of the elec-
trode and it is promoted by higher temperature. So far, research has
been focused on identifying and solving the problem of Al corrosion
in Li-ion batteries operating at high potentials [64]. The problem of
Al corrosion arising from the processing of NMC cathode material in
water has been a matter of work in this thesis. The coating of ei-
ther the active material particles or the current collector with carbon
is already an established technique widely used to enhance the elec-
trodes performances [25, 27]. However, it is the first time that this
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procedure is used to preserve the current collector surface from cor-
rosion resulting from the use of aqueous slurries. In this work a thin,
protective carbonaceous layer is used to avoid a direct contact be-
tween the corrosive slurry and the aluminum foil and our results show
the very positive effect of the carbon coating on the final electrode
performance. Also, it is shown that the carbon layer thickness is a
determinant parameter. The results are also compared with those of
a conventional PVdF-based electrode formed on unprotected Al foil.
Extensive characterization of the carbon-coated aluminum (Al-cc) foil
has been carried out by thermal and electrochemical measurements,
impedance spectroscopy and, finally, cycling performance.
6.2 Preventing the Al corrosion via the coating
with carbon of the current collector
Pitting corrosion is localized accelerated dissolution of metal that oc-
curs as a result of a breakdown of the otherwise protective passive
film on the metal surface. The process is considered to be autocat-
alytic; once a pit starts to grow, the conditions developed are such that
further pit growth is promoted. The phenomena of pitting corrosion
occur in various stages, from passive film breakdown, to metastable
pitting, to pit growth. Theories for passive film breakdown and pit
initiation have been categorized in three main mechanisms that focus
on passive film penetration, film breaking, or adsorption (figure 6.3).
Penetration mechanism for pit initiation, figure 6.3 (a), involves the
transport of the aggressive anions through the passive film to the
metal/oxide interface where aggressive dissolution is promoted [28].
This mechanism causes the thicken of the passive film. The adsorp-
tion mechanism of initiation, figure 6.3 (b), involves the thinning of
the passive layer in some areas due to adsorption of aggressive anion
and then a pit growth. The pit initiation by a film-breaking mecha-
nism, figure 6.3 (c), considers that the thin passive film is in continual
state of breakdown and repair [58, 55]. The film breakdown is a rapid
mechanism and, depending on the environment conditions, can lead
to a fast growth of the pits.
Adding NMC into the water-based solution of CMC and C-NERGY
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Figure 6.3: Schematic diagram representing pit iniziation by a) penetration, b)
adsorption and thinning, and c) film breacking [23].
Super C45 (during slurry preparation) resulted in the pH quickly ris-
ing from near neutrality to a value of 11.4. As expected, by casting
such basic solution onto aluminum current collector, a strong pitting
corrosion of the aluminum foil occurred and bubbles appeared inside
the casted layer due to H2 formation.
To investigate the corrosion occurrence, the NMC (water-based)
slurry was casted onto the aluminum current collector. For the work
of this section, a LiNi1/3Mn1/3Co1/3O2 with particle size of 5 µm was
used. Several coated electrodes were dried at 20 oC or 80 oC. The
coated layer was then removed from the current collectors by using
deionized water and the surface of the aluminum foil was analyzed by
scanning electron microscopy (SEM). Panel (b) and (c) in figure 6.4
shows the SEM micrographs illustrating the surface of the cleaned Al
foils. The comparison with the SEM image of the pristine aluminum
foil (Figure 6.4a) shows that pits of various dimensions are present all
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Figure 6.4: SEM images of aluminum foil surface after removal of the coatings. a)
Bare Al prior electrode processing, b) bare Al after electrode processing with room
temperature drying, c) bare Al after electrode drying at 80 oC temperature drying,
d) protected Al foil with 2 µm carbon coating after electrode drying at 80 oC, e)
protected Al foil with 5 µm carbon coating after electrode processing with 80 oC,
f) cross sectional micrograph of an NMC electrode coated on Al-cc foil.
over the area of foil coated with the electrode slurry. However, pits are
higher in number and have, generally, larger dimensions in the sub-
strate of the electrode dried at 80 oC (Figure 6.4c). Even though the
contact time between the aluminum foil and the corrosive wet slurry
is much longer for the electrode dried at 20 oC (ca. 1 h) than for that
dried at 80 oC (ca. 10 min), a stronger corrosion occurred at the high-
est temperature due to the highest reactivity of the aluminum oxide
layer at elevated temperature [23]. Prabakar et al. [64] demonstrated
that carbon coating on the aluminum cathodic current collector in-
hibits corrosion of aluminum in lithium ion batteries with LiPF6 as
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collector
Figure 6.5: SEM micrographs and associated EDX spectra of the bottom side of the
positive electrode layer casted on Al-cc (a) and bare Al (b).
electrolyte salt. Thus, a carbon-based layer was interposed between
the current collector and the active material in order to avoid their
direct contact during the critical steps of electrode coating and dry-
ing. Figure 6.4 f shows the cross section of a complete electrode made
using Al-cc foil as current collector. The carbon coating interlayer,
which consists of fine carbon particles, appears dense and compact.
The SEM images in figure 6.4 d and e, showing the aluminum current
collector surface after removal of the cathode layer and the carbon
coating (2 and 5 µm thick), demonstrate the positive effect of the car-
bon coating with respect to the aluminum corrosion induced by the
coating of NMC, water-based slurry. For the 2 µm thick protective
layer only few, small and superficial pits (see magnification in panel
d) are still observable, meaning that the carbon layer is still slightly
permeable to corrosive species. However, for the 5 µm thick protective
layer, no evident traces of corrosion are observed (figure 6.4 e) since
the surface looks similar to that of pristine aluminum (Figure 6.4 a).
Energy-Dispersive X-ray spectroscopy (EDX) was carried out on the
composite electrodes to evaluate the presence of aluminum corrosion
products. By using an adhesive tape, the composite cathode layer
was ripped off the current collector in order to analyse the bottom
part of the layer, too. In the case of electrodes with 5 µm protective
carbon layer, no traces of aluminum were found on the top part of the
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Figure 6.6: TGA in nitrogen atmosphere of the carbon coating slurry (C-NERGY
Li-Quid 101) previously dried at 180 oC. The temperature increase rate was 1
oCmin−1.
cathode layer while on the bottom part its presence was detected, cor-
responding to less than 0.15 wt.% (figure 6.5 a), however. Figure 6.5
b shows the SEM micrograph and EDX spectrum of the bottom side
of a composite cathode layer coated on bare aluminum. The spectrum
shows a sharp peak for Al, which was detected in a proportion of 5
wt.%. Furthermore, in the same electrode, the Al was detected as well
on the top side of the NMC layer in a proportion of 3 wt.%.
6.3 Investigation of Al-cc
TGA Figure 6.6 shows the TGA results obtained for the carbon coat-
ing material tested in nitrogen atmosphere. Prior to perform the tests,
the slurry (C-NERGY Li-Quid 101) was dried at 180 oC to eliminate
the solvent (water). The carbon coating material undergoes thermal
degradation beginning at 350 oC, which is likely associated to the de-
composition of the binder present in the carbon coating material. In
fact, the carbonaceous materials are not expected to decompose at
such a low temperature in nitrogen. The carbon coating is sufficiently
thermally stable to allow high temperature drying steps, without af-
fecting its stability.
Electrochemical stability Figure 6.7 shows the anodic voltammetric
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sweep of carbon coated electrodes performed to test the electrochem-
ical activity of the carbon coating.
Figure 6.7: Sweep voltammetry scans of Al-cc vs. bare Al (anodic only) in 1 M
LiPF6 in EC/DMC electrolyte at 0.1 mV s
−1. Li was used for the counter and
reference electrodes. The tests were carried at 20 oC.
The anodic sweeps was performed on both bare Al and Al-cc. The
anodic branch exhibits a strong current as soon as the potential of 4.6
V (vs. Li/Li+) is exceeded which is likely due to PF6 anion inser-
tion in carbon materials [30]. Overall, however, the material showed
electrochemical inertness in the potential range between 3.0 and 4.5
V in which the most common cathodic active materials are used. In
particular, the carbon coated aluminum electrode showed much lower
current flowing at potential below 4.5 V, which supports for the pro-
tection of aluminum toward anodic corrosion as reported earlier [64].
The cathodic behavior of the carbon coating from C-NERGY Li- Quid
101 was further investigated via cyclic voltammetry. Figure 6.8 shows
the 1st, 2nd, 3rd and 5th cycles of the voltammetry in the potential range
from 3.5 to 5 V (vs. Li/Li+). Most of the charge involved during the
first cycle seems to be associated with electrolyte decomposition or
mostly irreversible anion insertion into carbon materials. The broad
cathodic peak extending from 4.45 to 3.95 V might, in fact, be asso-
ciated to anion deinsertion from the carbon materials in the coating.
Overall, the process is mostly irreversible above 4.6 V, thus it also
involves electrolyte degradation onto the electrode surface. This phe-
nomenon is, however, considerably decreasing upon cycling.
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Figure 6.8: Cyclic voltammograms of Al-cc electrodes in a potential range 3.5e5.0
V (vs. Li/Li+). Electrolyte: 1 M LiPF6 in EC/DMC, scan rate: 0.1 mV s
−1. Li
was used for the counter and reference electrodes. The tests were carried at 20 oC.
EIS To evaluate the effect of corrosion on the cathode electrical prop-
erties symmetric cells were realized and investigated [16, 31]. Two
equivalent NMC electrodes, deposited on either bare aluminum or
Al-cc foils, were assembled in vacuum-sealed, pouchbag type cells.
Figure 6.9 compares the impedance spectra of unpressed and pressed
electrodes coated on bare aluminum and Al-cc (i.e., with and without
the carbon protective layer). At the first glance it is observed that the
cell impedance spectra show no difference in the electrolyte resistance,
which is easily identified with the left (high frequency) intercept of the
impedance curves with the lower axis. At lower frequencies a second
feature (broad and depressed semicircle) is observed in all cells, which
is associated with electrode charge transfer phenomena. However, the
extent of this feature is seen to depend on the pressing of the electrodes
and, even more, on the presence of the intermediate carbon coating.
In particular, the charge transfer resistance, which corresponds to the
semicircle diameter, is, generally, much higher when bare aluminum
foil was used as current collector. A higher charge transfer resistance
results in poorer electrode performance because it contributes to the
cell overvoltage during charging and discharging. Thus, it is evi-
dent that preventing aluminum corrosion has a beneficial effect on
the cathode performance. The reason for the reduced charge trans-
fer impedance in presence of the intermediate carbon coating is found
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Figure 6.9: Nyquist plots of symmetrical cells made using NMC electrodes coated on
bare aluminum and Al-cc (2 mm thick coating) foils in 1 M LiPF6 in 1:1 EC/DMC
at 20 oC. Frequency range: 100 kHz 1 Hz.
considering that such impedance depends on the electrode/electrolyte
interface and, very relevant here, the overall electronic conductivity of
the electrode. Avoiding the aluminum corrosion by the interposition
of a carbon coating results in an enhanced electrical contact between
the electrode active material and the aluminum current collector, be-
cause corrosion products, accumulating at such an interface as well as
on the active material particles, are not formed. Moreover, adhesion
properties between cathode material particles and current collector
are improved when a carbon protective layer is interposed [26].
6.4 pH neutralization by acid addition to the slurry
Other solutions to prevent the corrosion of the current collector were
investigated. The addition of an acid to the slurry would be a very
convenient way to avoid additional costs or steps to the process.
In order to investigate the effect of the acid on the NMC, differ-
ent mixtures of NMC and water with various amount of acid were
prepared. ICP analysis was performed afterwards on each samples
according with the steps depicted in figure 6.10. In Table 6.1 the pH
values of the mixtures with various amount of acid are listed. As it’s
shown, a pH 12 was found for the bare mixture of NMC in water.
An amount of 25 mg up to 100 mg is needed to bring back the pH
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Figure 6.10: Steps of the sample preparation for the IPC analysis.
Table 6.1: pH of mixtures of NMC in water with different amounts of acid.
Formic acid (mg) in H2O (7 ml) 0 25 100 180 400
pH value 12 7 6,5 6 5,5
to neutrality. Mixtures with excess of acid were also investigated in
order to emphasize possible effects.
Figure 6.11: IPC analysis showing the concentration of metal ions vs. formic acid
content of mixtures of NMC in water.
Figure 6.11 shows the results of the IPC analysis carried on the
solution separated from the various samples. As it can be seen, there
is a general increase of the amount of metal ions in the solution with
the increase of the acid content. The concentration of Li increases
particularly respect to other metals. From the results of IPC analysis
it’s clearly evident that the addition of formic acid has deleterious ef-
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fects on the NMC. The quantity of Li dissolved in water will inevitably
account for a loss of specific capacity of the active material. More-
over, in case of electrode manufacture, the metal ions present in water
would precipitate on the particle’s surface up on drying, creating an
insulator layer of metal hydroxides. The quantity of other metals lost
in the water would generate a structural collapse of the outer part of
the particles. All this effect would be translated in a general worsening
in terms of electrochemical performances.
6.5 Electrochemical performances of NMC-based
electrodes
Effect of electrode’s drying temperature To better evidence the ef-
fect of the temperature on Al corrosion, two different NMC electrodes
coated on bare aluminum current collectors, but dried at 80 oC and 25
oC, were investigated. Figure 6.12 shows electrochemical performance
of NMC electrodes (not pressed) deposited on bare and carbon pro-
tected aluminum foils. Although all cells, which were cycled between
3 and 4.3 V, showed coulombic efficiencies of 99.5% (data not shown),
a substantial difference in terms of delivered capacity is observed. At
C/10 rate, the delivered capacity of these electrodes did not exceed 130
mAhg−1. This value is far from the NMC specific capacity given by the
material producer (160 mAhg−1). At 1C rate, the electrode coated on
bare aluminum and dried at 25 oC delivered a capacity of 102 mAhg−1
(at 50th cycle) while that dried at 80 oC delivered a capacity of only
90 mAhg−1 (at 50th cycle). However, when the electrode was coated
on Al-cc foil (2 µm thick protective carbon coating) instead, a deliv-
ered capacity of 108 mAhg−1 was recorded at the 50th cycle although
dried at 80 oC. A similar trend was observed at higher C-rates. In
fact, while the electrode deposited on bare aluminum and dried at 80
oC delivered practically no capacity at 10C rate, that deposited on
Al-cc showed an interesting delivered capacity of 39 mAhg−1. An in-
termediate value was obtained with the NMC electrode deposited on
bare aluminum, but dried at room temperature (29 mAhg−1). This
result clearly indicates that the improvement observed in presence of
the carbon coating is not only due to the improvement of the electrical
73
Chapter 6. Enabling aqueous binders for lithium battery cathodes
contact at the active material/current collector interface [26] but also
to the prevention of the aluminum corrosion and (as observed from
SEM micrograph in figure 6.5, thus, to the generation of aluminates
and other corrosion products interacting with the active material it-
self. The voltage profiles shown in figure 6.12 shows how (especially at
higher currents) the discharge of electrodes having unprotected current
collectors, occurs with higher overvoltages due to the higher electrode
impedance generated by the presence of the corrosion products.
Figure 6.12: Comparison of the cycling performance and voltage profiles of electrodes
using Al-cc and bare Al foil as current collectors dried at 25 and 80 oC.
Effect of electrode pressure To further detail the electrode perfor-
mance, the effect of the active material compression was investigated.
Figure 6.13 shows the comparison of the electrochemical performance
of pressed electrodes deposited on Al-cc current collectors, pressed
with increasing strength.
The data shown are related to electrodes unpressed, pressed at 2
and 5 tons cm−2. As expected, with increasing pressure, electrodes
showed superior performances in terms of delivered capacity with re-
spect to the unpressed ones. Pressing of electrode is, in fact, well
known to promote their electrochemical performance as a result of
improving the contact within the active material particles and the de-
posited layer with the current collector. This effect is clearly percep-
tible from the voltage profiles shown in figure 6.13; the cell discharge
occurring at higher voltages upon increasing the electrode density,
is a clear indication of inferior electrode resistance. All cells, cycled
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Figure 6.13: Comparison of the cycling performance and voltage profiles of electrodes
using Al-cc as current collector and pressed with differen strength.
between 3.0 and 4.3 V, showed high coulombic efficiencies (> 99%).
When the 2 µm aluminum foil current collector was used, the elec-
trode was able to deliver a capacity of ca. 108 mAhg−1 at 1C rate (at
the 50th cycle). When the Al-cc foil was used instead, the electrodes
performance was generally higher. In particular, using a carbon coat-
ing thickness of 2 µm and by pressing the electrode at 2 tons, resulted
in electrodes capable to deliver capacity of ca. 116 mAhg−1 at 1C
rate while, using the 2 µm thick carbon coating with a 5 tons pressed
electrode, resulted in a delivered electrode capacity of 123 mAhg−1 (at
the 50th cycle). Since no higher improvements were found by further
pressing the electrodes, 5 tons was assumed as a standard value for
proceeding with the testing of the electrodes.
Al corrosion prevention using c.c.-Al vs the addition of formic acid The
effect on the electrochemical performances of the two proposed solu-
tion for the prevention of the current collector corrosion are hereafter
discussed. The figure 6.14 shows a comparison of electrochemical per-
formances of an electrode including the addition of formic acid and the
one having the Al-cc as current collector. Both the electrodes were
pressed at 5 tons. The electrode deposited on Al-cc delivers higher
capacities at all the C-rates. As previously shown in section 6.4, there
is a clear damage of the active material when adding the formic acid
and the consequences are directly observable from the decreasing of
the delivered capacity.
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Figure 6.14: Comparison of the cycling performance and voltage profiles of electrodes
including formic acid and using Al-cc foil as current collector.
Al-cc and bare Al foil as current collectors vs. conventional PVdF-based
electrode Figure 6.15 shows the comparison of the electrochemical
performance of pressed electrodes deposited on Al-cc and bare Al cur-
rent collectors. The comparison was also extended to PVdF-based
electrodes with the same composition. All electrodes were pressed
at 5 tons cm2. the PVdF-based electrode and the CMC-based elec-
trodes deposited on Al-cc were able to deliver capacities higher than
150 mAhg−1 at C/10. These values are close to the NMC nominal
capacity. When the bare aluminum foil current collector was used,
the electrode was able to deliver a capacity of ca. 108 mAhg−1 at
1C rate (at the 50th cycle). When the Al-cc foil was used instead,
the electrodes performance was generally higher. In particular, using
a carbon coating thickness of 2 µm resulted in electrodes capable to
deliver capacity of ca. 117 mAhg−1 at 1C rate while using the 5 µm
thick carbon coating resulted in a delivered electrode capacity of 126
mAhg−1 (at the 50th cycle). This latter value is very close to Un-
doubtedly, the water processing affect the initial capacity offered by
the NMC electrodes because of the modifications, including delithi-
ation, taking place at the particles surface. However, on the long-
term, the CMC-based electrodes appear to grant performance similar
to that of PVDF-based electrodes. In fact, it is worth noting that the
capacity fading upon cycling of this PVdF-based electrode was more
pronounced than that observed for the CMC-based one deposited on
Al-cc (5 µm). As a matter of fact, the difference in delivered capacity
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Figure 6.15: Comparison of the cycling performance and voltage profiles of electrodes
using Al-cc an bare Al foil as current collectors. The performance of a PVdF-based
electrode is also reported.
between these two electrodes decreased substantially after 50 cycles.
that observed for the PVdF-based electrode (128 mAhg−1 at the 50th
cycle). The voltage profiles illustrated in figure 6.15 also show that
the NMC discharge voltage plateau is not affected by the water pro-
cessing. The composite electrode capacities decrease by thinning the
carbon protective layer thickness because of the highest charge trans-
fer impedance reported earlier. These results confirm that PVdF and
NMP can be efficiently replaced by CMC and water as the binder and
solvent for lithium ion battery cathode processing and thus allow a
considerable reduction in the production costs of batteries.
6.6 Conclusions to chapter 6
In this work, an approach to develop LIB cathodes from aqueous slurry
is proposed as a proof of concept. It is shown, in fact, that the alu-
minum current collector corrosion arising during the water processing
of NMC-based electrodes could be prevented through the use of a
preliminary carbon coating made with aqueous carbon slurry. In par-
ticular, the application of a 5 mm thick carbon protective layer on the
current collector surface is seen to avoid direct contact of the alkaline
NMC slurry with the aluminum thus preventing corrosion although
a further process optimization is needed to reduce the coating thick-
ness in order to minimize the additional weight. Moreover, the carbon
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coating improves the interface between the aluminum foil and the cath-
ode layer, thus resulting in an overall decrease of the charge transfer
impedance. Finally, satisfactory electrochemical performances were
achieved using carbon coated aluminum foil. A specific capacity of
126 mAhg−1 at 1C rate was obtained, which is practically equivalent
to that of PVdF-based electrodes of the same composition.
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7.1 Introduction
Carbonaceous materials are used for anodes in all commercial Li-ion
batteries. Among the various types of carbonaceous materials, natural
graphite is by far the most used thanks to its high capacity, abundance
and low price. Synthetic graphite appears still too expensive but with
the anticipated boom of EVs, they are becoming of growing interest.
Unlike natural graphite, its characteristics profile can be controlled
in the manufacturing process. The key parameter for the selection of
suitable graphite is the irreversible capacity measured in the first elec-
trochemical Li+ insertion. The formation of a stable and optimized
SEI is directly related to the electrode performance and safety of the
whole lithium-ion battery (see chapter 3.2). The SEI layer suppresses
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any further electrolyte decomposition and avoids the exfoliation of the
graphite structure, allowing at the same time the passage of lithium
ions. The SEI is formed by the decomposition of electrolytes on the
graphite surface. For the formation of an effective SEI layer, both,
the electrolyte composition and the material bulk and surface proper-
ties of the graphite material play an important role [44]. Beside the
electrolyte system, the graphite surface properties play the major role
for the formation of the SEI layer. It has been showed recently that
the surface crystallinity and morphology and also the nature of the
surface group chemistry of graphite influence the SEI forming process
in the first electrochemical reduction [40, 39]. In this work, two dif-
ferent kinds of graphite are tested in half Li-cell configuration using
different electrolyte mixtures. The electrode density, tuned by the
pressing the electrode during manufacture, was another parameter of
the study. Electrochemical results of the two graphite grades are com-
pared in terms of capacity loss in the first cycle and cycle stability.
Post mortem analysis has been carried out on cycled anodes to char-
acterize the SEI layers formed. The SEI composition was analysed by
XPS. SEM analysis showed the morphology of the graphite surface
after the first lithium insertion. The graphite anodes were fabricated
via a wet-rote, following the steps depicted in figure 5.4. Water is used
as a solvent for the mixing of the components, avoiding the use of any
organic solvents.
7.2 Materials specifications: SLP30 and SLG3 graphite
The two kinds of graphite used belong to different grades of graphite
produced by Timcal Ltd. (Bodio, Switzerland). Both materials are
characterized by a very high crystallinity and purity to ensure high
reversible specific charge, low irreversible capacity and good cycling
stability. This, in turn, makes it possible to reach the energy density
and power density expected from modern lithium-ion battery. The two
graphite show substantial differences in terms of surface morphology,
BET and particles dimension. The TIMREX SLP30 is a synthetic
graphite belonging to the SLP-grades, produced by TIMCAL through
a proprietary process. Figure 7.1 shows SEM micrographs of SLP30
graphite; the particles have the characteristic potato shape typical of
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this grade.
Figure 7.1: SEM pictures of TIMREX SLP30 graphite.
The main material’s characteristics are listed in Table 7.1.
Table 7.1: Main characteristics of SLP30 graphite.
Particle morphology Potato shape
BET 5 - 7
D90 32
Ash % 0.06
The SLG3 is a natural graphite belonging to the SLG-grades. Fig-
ure 7.2 shows SEM micrographs of SLG3 graphite; the particles show
the characteristic block shape typical of this grade.
Figure 7.2: SEM pictures of TIMREX SLG3 graphite.
The main materials characteristics are listed in Table 7.4.
Figure 7.3 and Figure 7.4 show the outlook of the electrodes surface
before and after the pressing. The graphite flakes in the non-pressed
layer are randomly arranged and the layer shows very high porosity.
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Table 7.2: Main characteristics of SLG3 graphite.
Particle morphology Block shape
BET 1.5 - 2
D90 28
Ash % 0.06
Some flakes lie in a vertical position, representing a danger for a bat-
tery as they can perforate the separator. Electrode pressing is there-
fore a necessary step in a battery manufacture. After pressing, the
electrode surface is smooth and the electrode density is increased and
uniformed. The effect of the electrode pressing on the electrochemical
performances is a matter of this section and is hereafter reported.
Figure 7.3: Top view of the SLP30 based electrode before (left image) and after
(right image) pressing.
Figure 7.4: Top view of the SLG3 based electrode before (left image) and after (right
image) pressing.
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7.3 Electrochemical performances of unpressed elec-
trodes
Firstly, the electrodes were cycled unpressed using three different elec-
trolyte mixtures listed in Table 7.3. The electrodes were cycled at
C/10 for the first two cycles to ensure a stable and uniform SEI for-
mation; a current of 1C followed by a constant voltage (CV) step, were
applied to the next cycles.
Table 7.3: Main characteristics of SLG3 graphite.
Name Electrolyte system additive
EC/DMC 1M LiPF6 in EC/DMC 1:1 (w/w) 1% VC (w)
EC/DEC 1M LiPF6 in EC/DEC 1:1 (w/w) 1% VC (w)
EC/EMC 1M LiPF6 in EC/EMC 1:1 (w/w) 1% VC (w)
Figure 7.5 (left panel) shows a comparison of the first galvanostatic
lithium insertion/deinsertion of the SLP30 based electrodes tested
with the three electrolyte systems. In all the three cases, the SLP30
electrodes display the typical insertion properties expected for a highly
crystalline graphite material. A reversible capacity of around 350 mAh
/ g with a coulombic efficiency of around 88% could be observed. No
remarkable differences are seen between the various electrolyte sys-
tems. The electrode performance upon cycle (figure 7.5, right panel)
show that this graphite has a high reversible specific charge (up to 360
mAh / g) and excellent cyclability. After the first cycle, the cycling
efficiency increases rapidly up to 99.9%. In the case of EC/DMC elec-
trolyte system, stable performances are achieved after circa 30 cycles.
Figure 7.6 (left panel) shows a comparison of the first galvanostatic
lithium insertion/deinsertion of the SLG3 based electrodes tested with
the three electrolyte systems. In all the three cases, the galvanos-
tatic charging curve display an additional potential plateau starting
at about 0.7 V vs. Li/Li+, leading to a significantly irreversible charge
capacity in the first electrochemical reduction. In the worst case, when
using EC/DMC, an irreversible capacity of 370 mAh / g is found.
Clearly, the interaction between the electrolyte and the particles sur-
face leads to an intense electrolyte degradation, thus a consistent SEI
formation. The electrochemical performances in the following cycles
are inevitably affected: the highest the irreversible capacity (thicker
film formation), the lowest the cycling performances.
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Figure 7.5: Charge/discharge voltage profiles (left panel) and specific discharge
capacity (right panel) of graphite SLP30 electrodes cycled against Li with different
electrolytes.
Figure 7.6: Charge/discharge voltage profiles (left panel) and specific discharge
capacity (right panel) of graphite SLG3 electrodes cycled against Li with different
electrolytes.
7.4 Electrochemical performances of pressed elec-
trodes
Since no substantial differences were found on the two electrodes types
using the three different electrolyte system, from now on the tests
will be carried on using just the EC/EMC mixture. The parameter
of study is the electrode active layer density (tuned by pressing the
electrode with a certain force). Figure 7.7 shows a comparison of
electrochemical performances of unpressed and pressed SLP30 based
electrodes tested with EC/EMC electrolyte mixture. The pressing of
the electrode reduces the reversible capacity delivered in the first cycle
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while the irreversible one is left unchanged (left panel). Moreover,
the pressing has deleterious effect on the cycling performances (right
panel).
Figure 7.7: Comparison of charge/discharge voltage profiles (left panel) and specific
discharge capacity (right panel) of pressed and unpressed graphite SLP30 electrodes
cycled against Li with different electrolytes.
Figure 7.8 shows a comparison of electrochemical performances of
unpressed and pressed SLG3 based electrodes tested with EC/EMC
electrolyte mixture. As shown in the left panel, the irreversible ca-
pacity is considerably reduced when the electrode is pressed with a
strength of 5 t/cm2. The voltage profile of the first cycle is brought
back to that of a characteristic profile of a pure and crystalline graphite.
The electrode performance upon cycling are also considerably increased
(right panel), standing at around 300 mAhg−1. The effect of a re-
duced porosity, thus reduced active material surface wetted by the
electrolyte, avoids the intense electrolyte degradation occurring at the
first Li insertion and thus makes the electrode more performant.
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Figure 7.8: Comparison of charge/discharge voltage profiles (left panel) and specific
discharge capacity (right panel) of pressed and unpressed graphite SLG3 electrodes
cycled against Li with different electrolytes.
7.5 Post mortem analysis
7.5.1 SEM analysis
Post mortem analysis have been performed on the electrodes after the
first lithium insertion/deinsertion by mean of SEM and XPS. The re-
sults shown refer to the two graphite grades tasted with EC/EMC elec-
trolyte system. Since no differences were found between the pressed
and unpressed electrodes, the data refers generally to the material’s
grade. Figure 7.9 (a) shows SEM micrographs of uncycled SLP30
graphite. The particles are compact with a smooth surface. After
the first electrochemical oxidation/reduction, a very uniform and thin
SEI film covers the graphite surface, as it can be seen in the different
magnification SEM micrographs shown (figure 7.9 b, c, d).
Figure 7.10 (a) shows a SEM micrograph of bare SLG3 graphite.
The flakes show a very smooth surface, with jagged edges. From
the electrochemical results, the occurrence of a degradative process
was observed during the first lithium insertion. The SEM micro-
graphs taken after the first lithium insertion/removal (figure 7.11 b,
c, d) reveals the consequences of such electrolyte decomposition on
the graphite’s particles surface. The particles are completely covered
with a layer of fluffy film, obviously originated by the electrochemical
degradation of the electrolyte onto the particle’s surface. Eventual
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Figure 7.9: SEM micrographs of SEI layer formed on graphite TIMREX SLP30 in
comparison with the natural look of the particle’s surface (top left image).
graphite exfoliation occurrence is occulted by the SEI layer.
The reasons of these substantial behaviour differences between the
two graphite grades, has to be found in their proper chemical composi-
tion, keeping in mind that morphology differences also play a relevant
role. XPS analysis was carried out firstly on bare SLP30 and SLG3 in
order to find weather differences in their chemical composition existed.
Cycled electrodes were also analysed in order to investigate whether
there were differences in the chemical composition of the SEI formed
on the two different materials.
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Figure 7.10: SEM micrographs of SEI layer formed on graphite TIMREX SLG3 in
comparison with the natural look of the particle’s surface (top left image).
7.5.2 C1s analysis (fresh electrodes)
The C1s surface spectra are restricted to the energy band ranging be-
tween 282 and 286 eV. The spectra were deconvoluted and the plots
were embedded in a relevant plots. The peak around 290 eV is as-
signed to carbonate. The broad peak around 284-287 eV is a group of
superimposed peaks corresponding to the species listed in Table ??.
Figure 7.11 shows a comparison of the C1s spectra of the two ma-
terials. The graphite SLG3 shows a more intensive peak in the region
around 285 eV compared to that of the graphite SLP30. Thus, the
SLG3 particle’s graphite surface is more amorphous than the SLP30.
This could be one of the main reason why the two material grades
exhibit different behaviour during the first oxidative stage of lithium
insertion.
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Table 7.4: Chemical species associated with their energy band of XPS C1s and O1s
spectras [45].
X-ray energy Type of bind
Carbon
284.4 eV C-C (graphite, sp2)
285 eV C-O / amorphous carbon
286 eV C-OH
287 eV C=O
Oxygen
528 eV Li2O
534 eV C-O
533 eV C-OH
532.5 eV carbonate
532.9 eV LiOH
531 eV C=O
Figure 7.11: XPS C1s spectra of SLP30 (left figure) and SLG3 graphite (right figure).
7.5.3 O1s analysis (fresh electrodes)
A comparison of O1s spectra of the two graphite grades is also reported
in Figure 7.12. The spectra show just one single peak at 533 eV
corresponding to C-OH group. The peaks stand at the same energy
band and have nearly the same intensity, meaning that there is no
difference in oxygen composition between the two graphites.
No other elements were detected from the XPS analysis on the bare
materials, proving thus the high purity of the graphites declared by
the producers.
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Figure 7.12: XPS O1s spectra of SLP30 (left figure) and SLG3 graphite (right
figure).
7.5.4 SEI analysis
After the first litiation/delithiation, the cells were dismounted and the
electrodes were washed with DMC and kept to dry up for 24 h in an
Argon filled glove box, prior the XPS analysis. Figure 7.13 shows the
C1s, O1s, F1s, P1s and Li1s spectras of SLP30 based anodes (left
figures) and of the SLG3 based anodes (right figures). In general
there are no remarkable differences between the SEI composition of
the two electrodes. The species containing carbon atom can mainly
be assigned to organic species such as ROCO2Li, CH3OLi, etc. and
the inorganic species of Li2CO3 [18]. These organic species are mainly
from the reduction of the electrolyte solvents. For the C1s peak, it is
worthy to note that the peak at 285 eV (corresponding to amorphous
carbon) found in the row material, is completely vanished and two
new peaks arose at 290 and 286 eV. This is a clear consequence of
the fact that the amorphous carbon on the surface acts as a reactive
site that promotes reactions with the electrolyte. Regarding the F1s
spectra, the main peak at around 685 eV is assigned to LiF, which is
the main component of the SEI layer. The peak at around 687 eV is
assigned to LiPF6; the appearance of this peak is because the salt did
not wash out completely after washing with DMC and small amount
of salt can be detected by XPS [52].
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Figure 7.13: XPS C1s, O1s,F1s, P1s and Li1s spectras of the SLP30 based elec-
trodes (left figures) and of the SLG3 based electrodes (right figures) after the first
charge/discharge cycle.
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8.1 Introduction
The study of the effect of the anode/cathode mass ratio on the per-
formance of lithium-ion cells is reported in this section. The choice of
a proper ratio is essential for an optimal cell operation and for itself
security. The optimal ratio must be larger than that of the theoretical
ratio and must make sure that no deposit lithium metal appears on
the surface of the anode. A lack of lithium ions will result in a reduced
cell capacity while a surplus may cause lithium metal deposition at
the anode. Therefore, finding an appropriate mass ratio of anode to
cathode is very important in the design of the cell. This ratio can be
calculated from the practical specific capacity of the employed elec-
trode materials but will be however different from the one realized in
practice due to the irreversible capacity appearing at the first cycle.
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8.2 Cell set up and electrodes balancing
According with what shown in Chapter 7, SLP30 graphite was chosen
as anodic active material. The anode electrodes were pressed at 20%
meaning that the distance between the rolls of the calendaring machine
was set as the effective electrode thickness diminished of 20% of the
active layer thickness. Such pressure is necessary to adjust the porosity
and to smooth the electrode’s surface. As cathode active material
NMC with 10 µm particles was chosen. According with what already
seen in chapter 6, high density and compactness can improve electrode
performance. Therefore, the cathode electrodes were pressed at 80%.
Bigger NMC particles dimension can deliver less specific capacities at
higher C-rates because of lower surface area but in the case of aqueous
processing they are less affected by water.
Figure 8.1: Delivered specific capacity at different C-rate of NMC cathodes with 5
and 10 µm particles.
Figure 8.1 shows a comparison of 5 and 10 µm particle electrode
performances. Bigger particle dimension NMC perform better at low
C-rates even when compared with 5 µm NMC processed in NMP, but,
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on the contrary, the delivered capacity is much smaller at higher C-
rates. Since our intention was to design cells operating at low current
densities, the 10 µm NMC was found suitable for the application.
Figure 8.2: Cyclic performances (left panels) and voltage profiles (right panels) at
various C-rate of the NMC and the SLP30.
Electrochemical performances at different C-rates of anodes and
cathodes used for the tests are shown in figure 8.2. The cathode’s
delivered specific capacity diminishes approximately linearly upon in-
creasing the C-rate, with the discharge capacity values at each C-rate
being approximately the same as for the charge. The anode’s delivered
specific capacity instead is very much affected by the intensity of the
applied current. During lithium intercalation (which corresponds to
the discharge of a half-cell or to the charge of a full-cell), the capacity
fades rapidly when increasing the C-rate. Being the operative voltage
of the graphite very close to that of lithium, the rise of the overpo-
tential makes the graphite potential fall rapidly to the cut off value,
generally set between 0.005 and 0.02 V vs Li/Li+. Since the control
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of the anodic potential in full Li-ion cell is lost during operation, it
is recommended not to charge the cell at high rate in order to avoid
lithium metal deposition which represents a hazard situation for the
cell. This, is known to be one of the main limitation that prevents
lithium ion battery to recharge fast. According with what just above
mentioned, it’s additionally worth noticing that once the active mate-
rials mass loading have being properly balanced for a certain C-rate,
it is not possible to cycle the cell at higher C-rate. In such case, the
balancing would become in defect at the anode side and the excess of
Li-ion could lead to metal deposition. The cell can be on the contrary
cycled safely at C-rates lower of that considered for the balancing. Ta-
ble 8.1 lists some of the main characteristics of the electrodes used for
the experiments. Taking into account the practical capacity and the
composition of the electrodes, cells with different A/C capacity ratio
were designed and assembled in a glove box. The cell were balanced
for a current of C/10, keeping the anode capacity as more constant as
possible and by varying the cathodic one.
Table 8.1: Main characteristics of anode and cathode electrodes used for the inves-
tigation of the cell balancing.
CATHODE ANODE
Composition 88% NMC / 7% SuperC45 / 5% CMC SLP30 / 2% CMC / 3% SBR
Processing Pressed 20% - vacuum dried 180oC Pressed 80% - vacuum dried 180oC
Theoretical Capacity (mAhg−1) 161 372
Practical Capacity at C/10 (mAhg−1) 140 360
Table 8.2 lists the electrodes mass loading and the capacities of the
case studied. The three different A/C ratios represent a case of lack
of lithium ion (A/C = 0.9), a case of an excess of lithium ion (A/C =
2) and a case of proper balancing (A/C = 1.2).
Table 8.2: Electrode mass loadings and capacities of the cells witt different A/C
capacity ratios.
A/C ratio = 0.9 A/C ratio = 1.2 A/C ratio = 2
NMC mass loading (mg) 12.25 8.29 5.43
Electrode practical capacity (mAh) 1.72 1.16 0.76
Electrode theoretical capacity (mAh) 1.972 1.326 0.87
SLP30 mass loading (mg)* 4.07 3.96 4.22
Electrode capacity (mAh) 1.45 1.42 1.5
* The anode mass loading is constant; the cathode one is varied
A three electrode cell configuration was used for the tests, hav-
ing Li as reference electrode. Commercial LP 50 electrolyte (Evonik,
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Germany), together with Whatman glass fiber (VWR), were used as
separator. The setup of the experiment is depicted in figure 8.3: dur-
ing the tests, two auxiliary channels were used to monitor the exact
electrode potentials; the output values, representing the anode and
cathode potential and the cell voltage, are reported as shown in the
right panel. The voltage-capacity responses of the cells are reported
as function as the theoretical specific capacity of the cathode, as the
cell capacity itself originate from this value.
Figure 8.3: Cell’s set up (left) and output plot (right) of the electrochemical tests
of the cell’s balancing.
Being the measurements done dynamically, the anodic and cathodic
potentials (measured separately against a reference electrode) are sub-
jected to the effect of electrode polarization anyway. Thus, their shape
change with intensity of the applied current, in accord with the profiles
obtained with half-cell configuration. The conventional cut-off poten-
tials of the NMC, assumed when testing in a half cell configuration,
are 3 V and 4.3 V. For testing in a Li-ion cell the values have been ad-
justed to 2.8 4.2 V. The effective cathode potential, being calculated
with respect to that of the anode (Ecell = EcathodeEanode), shows to be
always few hundreds mV higher than the cell voltage. Thus, in order
to avoid effective potentials higher than 4.3 V, the upper cut off has
been reduced. Similarly for the lower cut off.
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8.3 Investigation of various A/C mass ratios
8.3.1 Cell balancing with surplus of Li ions
A cell with ratio A/C = 0.9 provides a surplus of lithium ions. Al-
though the cell could give greater capacity, a negative potential may
arise at the anode, causing a lithium metal deposition. The potential-
capacity dependence of the first cell cycle is depicted in figure 8.4.
The greater cathode capacity is able to fill entirely the anode capac-
ity in its various insertion stages. The surplus of lithium is plated as
metal on the anode at a potential of 0 V vs Li/Li+. The cell specific
capacity (being that of the cathode) of the first cycle, is larger than
that of the practical value because it includes the irreversible one of
the SEI formation. Lithium metal is known to be very unstable when
in contact with the graphite and with the electrolyte. Thus, the ex-
cess of lithium ends up to be consumed by side reactions at the anode
surface in few cycles, leading to a reduction of the cell capacity and a
capacity fade upon cycling (figure 8.4, right panel).
Figure 8.4: First galvanostatic cycle (left) and delivered capacity upon cycle (right)
of a cell with a ratio A/C = 0.9.
Figure 8.5 shows voltage profiles at various C-rate taken at dif-
ferent cycle life stage. It’s worth noticing that lithium plating is no
longer there. The cycle at 1C occurs with high overpotential; most
of the charge is being carried out during the constant voltage step
at 4.2 V and the lithium insertion stages in graphite are no longer
distinguishable.
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Figure 8.5: Galvanostatic cycles at different cycle life stages at C/10 (left) and
1C-rate (right) of a cell with a ratio A/C = 0.9.
8.3.2 Appropriate cell balancing vs. lack of lithium ions
For a ratio higher than one, a lack of lithium ions is present in the
cell, thus the cell can provide a smaller capacity. However, we consider
a ratio slightly larger than one to be safer for the battery operation,
so that slightly higher currents than that considered for the design,
can be supported in case of necessity. In this section, a performance
comparison between a small and a large surplus of lithium ions is being
analysed. Figure 8.6 reports the voltage profiles of the first cycle and
the cells delivered capacity upon cycle for the two case study of A/C
= 1.2 and A/C = 2. From the voltage profiles its clearly evident that
a larger amount of graphite leads to a higher irreversible capacity; the
first two insertion stages are longer, thus the anode larger in capacity
operates at higher voltage. The higher irreversible capacity of the cell
with ratio 2, reduces from the beginning the cells capacity which ends
up to be smaller than that with ratio 1.2; in the end, the larger anode
capacity shows to have more deleterious effects upon cycling.
Cycles at different C-rates and at different cycle life stages are
shown in figure 8.7. The 110th cycle at C/10 shows that the already
after long cycling the cell is still able to deliver capacities close to
the nominal values. When the cell cycles at 1C, higher overpotentials
leads to the occurrence of two main features during the charge step:
in the case of ratio 1.2 the anode potential falls dangerously too close
to a potential of 0 V, while in the case of ratio 2, the higher anodic
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Figure 8.6: First galvanostatic cycle (left) and delivered capacity upon cycle (right)
of cells with a ratio A/C = 1.2 and A/C = 2
potential leads as a consequence to an higher cathode potential which
in the end stresses more the active material causing its faster fading.
The discharge does not represent any critical issues.
Figure 8.7: Galvanostatic cycles at different cycle life stages at C/10 (left) and
1C-rate (right) of cells with a ratio A/C = 1.2 and A/C = 2.
8.4 Conclusions to chapter 8
The results of this section clearly show the application limits of Li-ion
batteries. The fact that graphite works at potential so close to that
of lithium (figure 8.2) complicates the process of battery re-charging,
particularly at high currents. The metallic lithium deposition leads
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to a fast battery degradation of the battery components (as shown in
figure 8.4) and in the worst case to its fire or explosion. In electrical
vehicles would be possible to recover the energy of braking by revers-
ing the rotation direction of the motor to re-charge the battery. This
operation, although very convenient, is equivalent to a fast charging
of the battery and thus very dangerous. A possible strategy would be
to use electrochemical capacitors that allow very high current but low
capacity.
Concerning about the electrodes mass loading balancing for the as-
sembly of Li-ion cells, many aspects have to be considered. When
designing a cell, a proper balance must be calculated, that is appro-
priate for operation at a defined C-rate. Once defined the C-rate, there
are several aspects to take into account the variation of the balance: a
balance higher but close to one may represent hazard of lithium plat-
ing, while one much higher than one decreases the cell capacity. A
balance with an anode/cathode capacity ratio minor than one is abso-
lutely to be avoided (as shown in section 8.3.1). In addition, for safety
reasons, once the cell has been designed to operate at a defined C-rate,
the cell can operate safely at currents lower than the one assumed for
the design, but not at higher ones (section 8.3.2).
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9.1 Full electrochemical battery model and list of
parameters used for the simulation
Table 9.1 depicts a full one-dimensional isothermal model for for a
lithium-ion battery. For the considered model, the following depen-
dent variables are solved in cell length x in each electrode and in the
separator: Φ1,Φ2, ce, cs, jp. In summary, the battery model is a mixed
system with 12 nonlinear partial differential equations (PDEs) with
12 unknowns. The parameters used for the simulation are given in
table 9.2.
The 1D model used to model the battery cell chemistry, is then coupled
with a 3D thermal model to estimate the temperature distribution of
the battery.
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Table 9.1: Governing equations for a lithium ion battery.
Region Eq. Governing equations Boundary conditions
Positive elec. 1 εp
∂ce,p
∂t
= Deff,p
∂2ce,p
∂x2
+ ap(1− t+)jp Deff,p
∂ce,p
∂x
|x=0 = 0
and Deff,p
∂ce,p
∂x
|
x=L−p
= −Deff,s
∂ce,s
∂x
|
x=L−p
2 I = σeff,p
∂φ2,p
∂x
− κeff,p
∂φ2,p
∂x
+
2κeff,pRT
F
(1− t+)∂lnc
∂x
−κeff,p
∂φ2
∂x
|x=0 = 0
and −κeff,p
∂φ2
∂x
|
x=l
′−
p
=
−κeff,p
∂φ2
∂x
|
x=l
′+
p
3 σeff,p
∂2φ1,p
∂x2
= apFjp σeff,p
∂2φ1,p
∂x2
|x=0 = I and
φ1 = 1
4
d
dt
caves + 3
jp
Rp
= 0 and
5Ds,p
Rp
(csurfs − caves ) = −jp initial condition caves |t=0 =
cs,max,p
5 jp = 2kp(cs,max,p − cs,p)0.5c0.5sinh [ 0.5FRT (φ1,p − φ2,p − Up)]
Separator 6 εs
∂ce,s
∂t
= Deff,s
∂2ce,s
∂x2
Deff,p
∂ce,p
∂x
|
x=L−p
=
−Deff,s
∂ce,s
∂x
|
x=L−p
and
Deff,s
∂ce,s
∂x
|x=Lp+L
s
′− =
−Deff,n
∂ce,n
∂x
|x=Lp+L
s
′+
7 I = −κeff,s
∂φ2,s
∂x
+
2κeff,sRT
F
(1− t+)∂lnce,s
∂x
Negative elec. 8 εn
∂ce,n
∂t
= Deff,n
∂2ce,n
∂x2
+ ap(1− t+)jn Deff,n
∂ce,n
∂x
|x=Lp+Ls+Ln =
0 and Deff,s
∂ce,n
∂x
|
x=Lp+L
′−
s
= −Deff,s
∂ce,s
∂x
|
x=Lp+L
′+
s
9 I = σeff,n
∂φ2,n
∂x
− κeff,n
∂φ2,n
∂x
+
2κeff,nRT
F
(1− t+)∂lnce,n
∂x
−κeff,n
∂φ2
∂x
|x=Lp+Ls+Ln =
0 and
−κeff,s
∂φ2
∂x
|
x=Lp+L
′−
s
=
−κeff,n
∂φ2
∂x
|
x=Lp∗L
′−
s
10 σeff,n
∂2φ1,n
∂x2
= apFjn σeff,n
∂2φ1,n
∂x2
|x=Lp+Ls
= 0 and
σeff,n
∂2φ1,n
∂x2
|x=Lp+Ls+Ln
= −I
11
d
dt
caves,n + 3
jn
Rn
= 0 and
5Ds,n
Rn
(csurfs,n − caves,n ) = −jn initial condition caves |t=0 =
cs,max,p
12 jn = 2kn(cs,max,n − cs,n)0.5c0.5sinh [ 0.5FRT (φ1,n − φ2,n − Un)]
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Table 9.2: Parameters used for the simulation (LiNiMnCoO2 and LiC6 system).
Symbol Unit Positive electrode Separator Negative electrode
σi S/m 100 100
εf,i 0.025 0.0326
εi 0.385 0.724 0.485
Brugg 4
Ds,i m
2/s 1.0x10−14 3.9x10−14
D m2/s 7.5x10−10
ki Mol/(sm
2)/(mol/m3) 2.334x10−11 5.0307x10−11
cs,i,max mol/m
3 51554 30555
cs,i0 mol/m
3 0.4955 x 51554 0.8551 x 30555
c0 mol/m3 1000
Rp m 2.0x10−6 2.0x10−6
li m 100x10
−6 52x10−6 183x10−6
Rsei Ωm2 0.0
t+ 0.363
F C/mol 96487
R J/(mol K) 8.314
T K 298.15
9.2 Results of the electrochemical model
The following results were obtained by adapting the existing lithium-
ion battery model in COMSOL Inc. Multiphysics 4.3. The model was
set to simulate the discharge of a battery under diffrent discharging
current rates. For the electronic current balance, a potential of 0 V
is set on the negative electrode’s current collector boundary. At the
positive electrode current collector, the current density is specified.
The inner boundaries facing the separator are insulating for electric
currents. The material properties are those of a typical lithium-ion
battery. The electrolyte is based on LiPF6 salt in 1:2 EC:DMC sol-
vent mixture. The electrolyte conductivity and the equilibrium poten-
tial of the negative and positive electrodes are composition dependent
through experimentally measured data. This data is tabulated in in-
terpolating functions in the model and the properties vary significantly
during charge and discharge due to the changes in composition. Fig-
ure 9.1 displays the equilibrium potentials for the negative and positive
electrodes as functions of the measured state of charge (SOC).
The model defines the electrolyte conductivity according to the
function in figure 9.2.
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Figure 9.1: Polynomial approximation of the OCV of negative (left panel) and
positive (right panel) electrode used for the simulation.
Figure 9.2: Polynomial approximation of the electrolyte conductivity vs. concentra-
tion used for the simulation.
Cell voltage Discharge behaviour of battery is the prime goal of the
simulation. Figure 9.3 compares the results obtained from Comsol
simulations versus experimental data. Although the simulated battery
is larger in capacity, it’s worth to notice that the discharging process
occurs following approximately the same trend of the experimental
lab-scale cell. All the main features of a typical Li-ion battery dis-
charge voltage profiles are well reproduced by the simulation. The cell
voltage experiences increasing ohmic losses and overpotentials while
increasing the C-rate. At higher current densities, the abrupt drop in
the cell potential is caused by concentration polarization as discussed
further below. A more detailed analysis of the discharging process of
the battery is carried out by monitoring the behaviour of the other
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main controlling parameters. The results are shown hereafter.
Figure 9.3: Comparison between simulated (upper panel) and experimental (lower
panel) discharge profiles for different values of the discharge rate.
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Electrode potential and overpotential The variation of the electrodes
potential is function of the degree of lithiation of the active material
and it changes according with their relative OCV. Figure 9.4, showing
the electrodes potential at different DOD of the battery, highlights
also the major simplifications introduced in the model to reduce it’s
computational costs. The electrodes potential is assumed constant
across the length x, which is obviously a non-true condition since the
inner side of the electrode has a different kinetic than the outer side.
At the anode side the model requires an electric ground condition,
therefore a potential of 0 V for the negative electrode potential is set
for x=0. This condition leads to an anodic potential ranging between
0 and -1 mV which is obviously not realistic situation but a good
approximation since the average potential of graphite ranges from 50
and 200 mV. The electrodes potentials are evaluated with respect to
the ground voltage, therefore they include the effect of ohmic losses
and overpotentials.
The cell overpotential represents an energy loss for the battery be-
Figure 9.4: Anodic and cathodic potential at different depths of discharge at 1C-rate.
cause it reduces the effective electrode’s potential. Being the cell po-
tential evaluated as Ecell = Ecathode − Eanode, according with formula
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4.9, the overpotentials are positive for for the anode and negative for
the cathode. Figure 9.5 shows the anodic and cathodic trend of the
overpotential for different C-rates and at 80% DOD. As expected, (η)a
and (η)c increase with increasing the C-rate since either the ohmic
resistance and the concentration gradients increases. Moreover, the
overpotential is a growing function from the outer side of the elec-
trode toward the center of the cell. The side of the active layer in
closer to the separator is subject to a smaller concentration gradient,
therefore (ηc) plays a minor role while the most contribution comes
from (ηct) due to a faster reaction kinetic in this zone. The ohmic
contribution iRi increases linearly by increasing the distance from the
current collector.
Figure 9.5: Anodic and cathodic overpotentials of different C-rates at 80% depth of
discharge.
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Concentration polarization The concentration of the electrolyte over
the time scale of a full discharge is depicted in Figure 9.6 for 1C
discharge rate. Initially the concentration is uniform at 1 M. When
the discharge starts, Li ions and PF6 anions start migrating toward
the cathode and the anode respectively, driven by the existing electric
field. Since the speed of motion of the ions is different (that of the
anion is higher), there is an accumulation of lithium salt at the anode
compartment and thus a formation of a concentration gradients across
the cell. The concentration polarization of the cell is amplified by the
low effective diffusion (Deff) in the electrolyte, which in turn leads
to variation in ionic conductivity and concentration overpotential. At
1C-rate, the concentration can rise up to 1.6 M at the anode side and
drop down to 0.6 M at the cathode side.
Figure 9.6: Electrolyte-phase concentration of at 1 C discharge rate.
The effects above mentioned are amplified at higher current rates.
Figure 9.7 shows the electrolyte concentration across the cell at dif-
ferent discharge rates at 50% DOD. As shown, the concentration gra-
dients increase with the current rate. At 5C-rate, the concentration
is almost triplicate at the back of anodic compartment and driving
almost down to zero at the back of the cathodic compartment. This
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is a current-limiting phenomenon. Once this situation is established,
the cathodic active material in this region can no longer contribute to
the current exchange since no lithium ions are available in the solution
phase to be react. The insertion/deinsertion processes are practically
inhibited by the existing concentration gradients. At higher current
densities, the electrolyte concentration is driven to zero almost across
the entire cathode section, thus preventing 100% utilization of the
electrode. An important factor in optimizing the performances of the
cell is good utilization of the active material. For a specified battery
performances, the cell potential should fall below the its cutoff value
only after nearly all the active material is consumed. This result re-
quires an understanding of the transport limitations in each phase of
the composite electrodes, as these lead to nonuniform reaction distri-
bution [68].
Figure 9.7: Electrolyte-phase concentration of at 50% depth of discharge for different
discharging rates.
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Electrode reaction source Figure 9.8 depicts the pore-wall flux of
lithium ions in the electrodes for a 1C discharging rate and at dif-
ferent DOD. In the anode side this variable does not change consid-
erably. Initially, the reaction source is higher at the interface with
the separator but than it keeps a stable trend upon discharge. As
well for the cathode, we can see that initially the reaction source is
higher at the interface with the separator but, as soon as this zone
becomes saturated, the minimum of the function (corresponding to
the maximum reaction source) keeps on sweeping toward the back of
the electrode, were the zone are less saturated. In summary, this be-
haviour clearly shows how the inner sides of the electrodes are the
ones more stressed upon charge/discharge of the battery, especially at
high current regime where the back sides of the active layer may be
not very much exploited.
Figure 9.8: Electrode reaction sources at different depth of discharge.
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Cell voltage during cycling During both discharge and charge, when
applying a rest step during cycling, it is possible to evaluate the cell’s
ohmic drops due to concentration relaxation effect and the bare cell’s
electric resistance figure 9.9. The instant variation of the voltage rep-
resents the ohmic resistance of the cell, while the time dependent
voltage variation represents the time needed by the solution to restore
the uniformity of the concentration in the electrolyte across the cell.
Figure 9.9: Cell voltage relaxation after charge and discharge at 1C-rate.
9.2.1 Analysis of the electrolyte mass transfer
Ions in an electrolyte can be transported by both migration and dif-
fusion as seen in section 4.2. At the beginning of a discharge of a cell,
lithium ions are transported only by migration from the negative to
the positive electrode, due to an ohmic potential difference over the
electrolyte. This potential difference causes a migration of the anions
in the opposite direction and creates thus a concentration difference
over the electrolyte, since the anions are not reacting at the electrodes.
The concentration difference gives rise to an additional potential dif-
ference that is called the diffusion potential and a diffusion flux of the
lithium ions and the anions. The diffusion potential will continue to
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increase until the diffusion flux is the same magnitude as the migra-
tion flux of the anions. In practice, in a lithium battery electrolyte,
the two fluxes never reaches a steady state condition since the poten-
tial varies constantly with the state of discharge figure 9.10, thus the
concentration gradients keep on increasing upon time.
Figure 9.10: Trend of the diffusion and migration fluxes of the electrolyte during a
battery discharge.
Let us recall from table 9.1 the equations used to model the mass
transport across the electrolyte:
εs
∂ce,s
∂t
= Deff,s
∂2ce,s
∂x2
(9.1)
I = −κeff,s∂φ2,s
∂x
+
2κeff,sRT
F
(1− t+)∂lnce,s
∂x
(9.2)
The first term of the current balance equation 9.2 is a migration
term in the same form of 4.21. The second term instead, is a diffusion
term in the same form of 4.23 (readjusted on the basis of concentrated
solution theory). It’s worth notice that the two terms are opposite in
sign since the balance equations are written for the anion. At the be-
ginning of the discharge, since no concentration gradients are present,
only the migration term will contribute to the current balance; as soon
as concentration gradients forms, the diffusion term will start account-
ing on the balance. The concentration gradients created are dissolved
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by diffusion process according with equation 9.1. Equation 9.1 and
9.2 clearly show the dependence of the electrolyte mass transport on
κ, t+ and D. The objective of this paragraph is to evaluate mutual
effect of these parameters on the battery performance by simulations.
Effect of variation of lithium transference number
The effect of the variation of the lithium transport number is evaluated
via simulation using the same equation based model and the same
parameters described previously. Three different transport numbers
values were set, 0.1, 0.5, and 0.9. These values are not representative
of any real case of electrolyte; the objective of the study is just to
have a graphical view of the eventual effect on the battery internal
and performances. Extreme values were chosen in order to emphasize
the effects. The electrolyte system is a 2M solution of lithium salt in
organic solvents. The applied current is 1C and 5C.
1C-rate discharge Figure 9.11 shows simulated voltage profiles at 1C-
rate discharge of a battery by varying the transport number.
Figure 9.11: Discharge voltage profiles by varying the transport number.
A lower transference number corresponds to higher cell polariza-
tion, however at such low current the differences in performance are
small. This is in agreement with what already sketched in figure 4.3; at
low current density, the concentration polarization have negligible in-
fluence on the voltage losses with respect to IR losses and the reaction
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constant. The explanation of this behavior can be given clearly by an-
alyzing the electrolyte salt concentration distribution of the cell upon
time for electrolytes with different transport numbers figure 9.12. At
the beginning of the discharge the concentration is obviously uniform.
At 50% DOD, the concentration gradients are well defined; a trans-
port number close to one leads to negligible concentration gradients
formation (the anion is almost motionless), while a transport number
close to zero leads to high concentration gradients formation. These
gradients continue to increase upon discharge: since the cell voltage
continuously diminishes, the migration flux diminishes proportionally,
thus higher concentration gradients are needed to increase the dif-
fusion flux in order to keep the current intensity at the same rate.
Finally, by the end of the discharge, the concentration increases up to
2.7 M at the anode compartment and diminishes down to 1.5 M at
the cathode compartment in the case of t+=0.1.
Figure 9.12: Electrolyte salt concentration distribution at different times during
discharge by varying the transport number at 1C-rate.
The electrolyte concentration difference between the anode and the
cathode compartment leads to additional cell polarization, as earlier
stated. This effect can be directly evaluated by analyzing the elec-
trode overpotential distribution of the different case study upon time
(figure 9.13). At the beginning of the discharge, the overpotential
distribution is identical for all the three cases, while it changes upon
time, increasing strongly in case of lower transport number.
5C-rate discharge At 5C-rate discharge the cell experiences higher IR
drops and thus is able to delivers less capacity with respect to 1C-rate
(figure 9.14).
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Figure 9.13: Electrode overpotentials distribution at different times during discharge
by varying the transport number at 1C-rate.
Figure 9.14: Comparison of dischrge voltage profiles at 1C and 5C-rate by varying
the transport number.
The voltage and capacities differences of cells with different trans-
port number however, are more remarked at higher current rates. This
leads to higher concentration gradients formation (Nearly 5 M at an-
ode compartment and 0 M at the cathode one in the case of t+=0.9
and 100% DOD), figure 9.15.
The electrode’s overpotential is also generally higher when the trans-
port number is smaller, figure 9.16.
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Figure 9.15: Electrolyte salt concentration distribution at different times during
discharge by varying the transport number at 5C-rate.
Figure 9.16: Electrode overpotentials distribution at different times during discharge
by varying the transport number at 5C-rate.
Effect of variation of electrolyte conductivity
The effect of the variation of the electrolyte conductivity was also
investigated. The simulations were conducted using three different
conductivity functions (figure 9.17): the ordinary, the half and the one
tenth of the ordinary electrolyte conductivity (the latter were obtained
simply dividing the values by a factor of 2 and 10 reciprocally).
Figure 9.17: Plots of the three electrolyte conductivity functions used for the simu-
lation.
Figure 9.18 shows the discharge voltage profiles at 1 and 5C-rate
of cells with the three above mentioned electrolyte conductivities. Re-
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ducing ten times the electrolyte conductivity has much more delete-
rious effect on the performance than the equivalent reduction of the
transport number, especially at higher C-rates. Although the com-
parison may seem a little brutal (major consideration should be given
to the fact that the conductivity is intrinsically in relation with the
transport number itself and that such values may not have a real-
istic correspondence), the results clearly show how the conductivity
variation is much more deleterious for the battery, especially at high
C-rates with respect to the transport number variation. Thus, the
electrolyte conductivity, is the primary parameter of an electrolyte.
Its enhancement is fundamental and of primary importance for the
improvement of the battery performance at high C-rates.
Figure 9.18: Comparison of discharge voltage profiles at 1C and 5C-rate by varying
the electrolyte conductivity.
Figure 9.19 shows the electrolyte concentration gradients at one
same time for the three cells with different electrolyte conductivity,
either at 1C and 5C-rate. Obviously, for each C-rate, no changes
in concentration gradients are registered upon varying the electrolyte
conductivity, as the conductivity acts on the ohmic resistance of the
cells (in other words the reduction of the electrolyte conductivity can
be addressed to the reduction of either of the anion and the cation
mobility, according to equation 9.2).
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Figure 9.19: Electrolyte salt concentration distribution at a certain time during
discharge by varying the electrolyte conductivity, at 1C-rate (upper panels) and
1C-rate (lower panels).
9.3 Thermal modeling of a battery
Thermal simulations were carried out to investigate the temperature
rise and temperature distribution across the cell during operation.
To perform the simulations, a multiphysics model was set including
the electrochemical 1D-model above explained and a thermal 3D-one.
The 1D cell model is used to model the battery cell chemistry and to
create an average heat source in an active battery material domain.
The 3D-model is used to model the temperature in the battery. The
two models are coupled by the generated heat source and the average
temperature as shown in figure 9.20.
Figure 9.20: Coupling between the cell and thermal model using the average values
for the temperature and generated heat.
The heat source based in the active battery domain is set to the
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Table 9.3: Cell geometry and parameters used for the thermal simulation
(Li1−xFePO4 and LixC6 system).
Name Value Description
Cell geometry
Lneg−cc 7 µm Negative current collector thickness
Lpos−cc 10 µm Positive current collector thickness
Lsep 10 µm Thickness of the separator
Lneg 55 µm Negative active layer thickness
Lpos 80 µm Positive active layer thickness
Parameters for thermal model
kTneg 1.04 [W/(m*K)] Negative electrode thermal conductivity
kTpos 1.58 [W/(m*K)] Positive electrode thermal conductivity
kTpos−cc 170 [W/(m*K)] Positive current collector thermal conductivity
kTneg−cc 398 [W/(m*K)] Negative current collector thermal conductivity
kTsep 0.344 [W/(m*K)] Separator thermal conductivity
Cppos 1269 [J/(Kg*K)] Positive electrode heat capacity
Cpneg 1437 [J/(Kg*K)] Negative electrode heat capacity
Cppos−cc 875 [J/(Kg*K)] Positive current collector heat capacity
Cpneg−cc 385 [J/(Kg*K)] Negative current collector heat capacity
Cpsep 1978 [J/(Kg*K)] Separator heat capacity
average of the generated heat in cell model using a model coupling
integration variable. The temperature is set to the mean temperature
in the active battery material of the thermal model using an integra-
tion model coupling. Since the heat conductivity of the components
of a lithium-ion battery is quite high in relation to the heat generated,
one can in many cases assume the battery to have a fairly uniform
temperature profile; it is therefore a good approximation to consider
an avarage temperature of the cell to rievaluate the cell parameters at
each timestep of the simulation.
The 1D thermal model is very similar to the 1D isothermal model seen
in the previous section. The only difference is the addition of negative
current collector and a positive current collector domains. The cell
parameters were also adjusted in order to simulate a LITHOPS cell
of 40 Ah capacity. The cell geometry and parameters are specified
in table 9.3. The cathodic OCV was also replaced with an OCV of
LiFePO4 while the electrolyte and the anodic chemistry were left the
same.
Figure 9.21 depicts a single cell geometry used for the simulation.
For this simplified case, the current collectors are one side coated (in
a battery pack instead, the current collectors are two-sides coated).
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Figure 9.21: Top view from the cathode back-side of the cell geometry (left), and
geometry mesh generated by Comsol (right).
9.4 Results and validation of the thermal model
9.4.1 Adiabatic case modeling
The cell’s thermal behaviour was initially simulated under adiabatic
conditions. Figure 9.22 shows the temperature distribution across
the cell’s area at different DOD during discharge at 5C-rate under
adiabatic conditions. The initial temperature was set at 298.15 K,
corresponding to the cell temperature at condition 0% DOD. At 50%
DOD, the temperature of the cell rises up to 311 K; the temperature
gradients are less than 1 K and with a uniform distribution, with the
cell getting hotter in the direction toward the current collectors due
to ohmic effects. At 100% DOD it is possible to observe a similar
temperature distribution with the average temperature reaching 326
K. The cell average temperature vs. time upon discharge is shown in
figure 9.23. As shown, the temperature increases almost linearly with
time as the heat generated, in the ideal case of adiabaticity, is not
dissipated. The temperature across the cell (data not shown) is also
uniform, with the positive current collector heating up slightly more
due to it’s lower electronic conductivity with respect to the negative
one.
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Figure 9.22: Cell temperature distribution at 0% DOD (left), 50% DOD (center),
100% DOD for a 5C discharge rate in adiabatic conditions.
Figure 9.23: Avarage cell temperature increase during discharge at 5C-rate in adia-
batic conditions.
9.4.2 Air cooled cell modeling
A most realistic simulation has been set by applying a room temper-
ature air flow to cool the cell.
Figure 9.24 shows the temperature distribution across the cell’s
area at different DOD during discharge at 5C-rate under air-cooling
conditions. The initial temperature was set at 298.15 K, correspond-
ing to the cell temperature at condition 0% DOD. At 50% DOD, the
temperature of the cell rises up just slightly; the temperature gradi-
ents are less than 1 K with uniform distribution. The cell gets hotter
in the direction toward the current collectors due to ohmic effects, but
due to the cooling effect, the hottest area is closer to the center of
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the cell. At 100% DOD finally, due to the cooling effect, the central
area of the cell ends up to be the most hot. The cell average temper-
ature vs. time upon discharge is shown in figure 9.25. As shown, the
temperature increases just slightly at the beginning but the equilib-
rium between heat generation and cooling is soon achieved thanks to
the high thermal conductivity of the cell’s materials and the reduced
thickness of the cell.
Figure 9.24: Cell temperature distribution at 0% DOD (left), 50% DOD (center),
100% DOD for a 5C discharge rate in with air cooling.
Figure 9.25: Avarage cell temperature increase during discharge at 5C-rate with air
cooling.
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9.4.3 Model validation: thermal analysis of a 5 Ah LITHOPS
battery
The thermal behaviour of a 5 Ah LITHOPS battery was investigated
with a thermal camera upon cycling and at different C-rates. Fig-
ure 9.26 shows the set up of the experiment, with the cell placed on
the ground in an air conditioned room with 24 oC. The cell was
connected to the cycler and being monitored with the camera during
cycling.
Figure 9.26: LITHOPS 5 Ah battery used for thermal analysis (left panel) and it’s
thermal vision at room temperature under uncycled conditions (right panel).
Figure 9.27 shows thermal images of the battery at different mo-
ments during charge and discharge at 1C-rate. The temperature (av-
eraged at different points in the center of the cell) it’s stable around
24 oC, even after almost 2 hours cycling. As proven with this test,
cycling the cell at 1C with the conditions above mentioned, does not
lead to temperature rises.
Figure 9.27: Thermal aspect of the cell at different moments during 1C-rate cycling.
Figure 9.28 shows the thermal evolution of the cell when charged at
5C. The temperature rises slightly during the first minutes when the
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cell voltage is set at the plateu. By the end of the charge, as soon as
the voltage deviates from the plateu, the cell’s temperature increases
sharply, reaching 36 oC at the last minutes. This behaviour is a clear
sign that the increasing overvoltages, appearing when being closer to
the full charge state, leads to heat generation. Due to heat exchange
with the surrounding environment, the cell appears colder at the outer
sides and hotter at the center.
Figure 9.28: Thermal aspect of the cell at different moments during charge at 5C.
As seen for the charge, a similar trend reappears for the discharge
step (figure 9.29). The cell, initially hotter after the charge, increases
it’s temperature reaching 43 oC at complete discharged state.
9.5 Conclusions to chapter 9
The work presented in this chapter clearly shows how a mathematical
model can be a powerful tool in helping understand the battery oper-
ation and for the optimization of its design. Moreover, a model can
predict within minutes the the battery operation upon varying any
of its parameters, giving insight either of the overall operation and
of the variation of the internal conditions. The isothermal 1D-model
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Figure 9.29: Thermal aspect of the cell at different moments during discharge at
5C.
can be coupled with a thermal one in order to investigate either the
temperature evolution distribution on the overall geometry and the
electrochemical performance variation upon temperature increase.
From the electrochemical point of view, the model could explain deeply
the dependence of the battery operational limits on the internal op-
eration and upon variation of main cell parameters. In the end, the
thermal model validation has given more insight, from the practical
point of view, of the thermal operation of a cell, thus its limitations
on deliverable capacity due to side reactions.
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10.1 Introduction
When considering the quantity of PEVs in the coming years and the
capacities of the on-board energy storage system, there are possible
additional advantages and uses for this source of stored energy. Most
light-duty vehicles spend significant time not being operated and there
are maybe opportunities to utilize their stored energy. However, there
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are questions as to what additional hardware would be required to de-
liver the stored energy outside the vehicle, what communications sys-
tems would be required, can this be done without affecting the needs
of the driver, what would the impact be on battery life and warranties,
and what motivations exist to accomplish this and who benefits. Fur-
ther upstream, a revolutionary change in the way the electricity is
generated, delivered, utilized and priced has to be carried out. The
modern electric grid is not flexible enough to accommodate intermit-
tent energy supply, as in the case of wind and solar energy. The lack
of customer-side participation in the electricity marketplace has led
to disastrous results in deregulated electricity markets and has raised
additional problems related to managing peak electricity demand [59].
In this scenario, the smart grid represents one of the greatest poten-
tial advance in electricity delivery infrastructure, acting as an enabling
technology for renewable energy integration, price-responsive electric-
ity demand and distributed energy production. Here, an overview
of the above mentioned concepts of V2G and smart grid is presented.
Specifically, a detailed analysis of the energetic efficiency of V2G tech-
nology has been carried out based on a parametric modeling approach.
The convenience of a V2G system is evaluated with respect to its to-
tal energetic balance; in fact, the storage and the subsequent energy
release operation, is not a unitary efficiency process. The converter
and the battery efficiency play a controversy role on the total system
efficiency: for the converter, the efficiency is generally maximum in
proximity of the full power operations, while for the battery maximum
efficiency is higher at low power condition operations. The following
work shows how the energetic losses and efficiency of a V2G system
(sized for an average urban electric vehicle) vary under different oper-
ative conditions.
10.1.1 The dumb and the smart grid
The existing grid (also called the dumb grid) has well served the util-
ity industry for over a century, but is no longer configured to meet the
multifaceted demands of society. Roughly speaking, the existing power
supply chain has three links: generation, transmission, and distribu-
tion. Generators are electric power stations that produce electricity
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by various means, including the burning of fossil fuels or waste prod-
ucts, harnessing kinetic energy of water and wind, and nuclear fission.
The various generators, which are often located large distances from
consumption centers, connect to a high voltage transmission network.
Closer to the point of consumption, the transmission network is con-
nected (through a series of step-down transformers) to a lower-voltage
distribution network. A second series of transformers connects indi-
vidual customers to the distribution network. The operators of the
dumb grid were primarily concerned with the stable and reliable op-
eration of the system. Supply and demand had to be continuously
balanced in real-time, and the system had to be continually moni-
tored. Most importantly, the preferences of the customer were largely
left out of the planning and operations process. Electricity consumers
would respond to changes in the weather or other variables by adjust-
ing their demands for electricity, and grid operators would respond
by dispatching additional generating capacity up or down, following
customers loads. While such a system appeared to be operating in re-
sponse to the needs of the customer, the fact that the customer could
not play a role in influencing operational decisions or express prefer-
ences for varying levels of service quality or reliability suggests instead
that customers were forced to be as dumb as the grid serving them
[59, 51]. In particular, the following challenges are facing the dumb
grid nowadays:
• Ageing infrastructure is challenging the ability of the grid to per-
form reliably. Basically the grid has never changed since the ap-
pearance of electrification more than a hundred years ago. During
this time, the frequency of blackouts has not declined.
• The environmental impacts of electricity production and utiliza-
tion have gained in importance both socially and politically. Most
of developed countries have started investments in low-emissions
electric generation resources such as wind, solar, geothermal and
others. The trouble for system operators arises when a large frac-
tion of the system’s generation supply is intermittent and non-
dispatchable by system operators, as is the case with wind and
solar energy. Analysis suggests that the fluctuations in wind and
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solar energy are more pronounced than fluctuations in electricity
demand, and compensating for these variations may be more com-
plex than simply assigning backup generators to perform wind-
following operations [1, 35]. In some areas, wind and electricity
demand are highly anti-correlated, raising the additional chal-
lenge of finding customers to be served by large amounts of re-
newable energy supplies.
• Third, the lack of customer-side participation in the electricity
marketplace has led to disastrous results in deregulated electricity
markets and has raised additional problems related to managing
peak electricity demand.
The international scientific community believe that these challenges
can be overcome by investing in a smarter grid (figure 10.1).
Figure 10.1: Schematic representation of the differences between the dumb and the
smart grid.
The smart grid itself is simply the application of modern communi-
cations infrastructure to various segments of the electricity grid. Few
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technological hardware advances are required to make the smart grid
functional and useful, but the software, control systems and policies
necessary to fully realize the smart grid vision are still in development.
For all the potential benefits, however, the smart grid is a highly com-
plex system that will require fundamental changes in business models,
public policies and social attitudes as well as engineering. While the
smart grid hardware itself is not revolutionary, a fully realized and
implemented smart grid would fundamentally change the way that
electricity is generated, delivered, consumed and priced. The smart
grid will impact on the future energy scenario in the following main
terms:
• The smart grid would improve monitoring and operating the high-
voltage transmission grid by enabling system operators to control
energy flows on the grid with more precision
• The introduction of a customer-side smart meter to allow stronger
interaction between electricity producers and consumers. The
smart meter is simply a digital electric meter that has the ability
to store and timestamps electricity usage. Most smart meters
also allow for bidirectional communication between the utility
and the customer. Thus, the utility company could read electric
meters remotely and automatically, and could also send informa-
tion on electricity prices or system conditions to customers, to
help customers make more informed decisions. The smart meter
may also work in concert with distribution system automation to
enable direct control of customer loads. The emergence of price-
responsive demand, will enable the shifting of electricity demand
away from peak periods and toward off-peak periods has signifi-
cant implications for electricity-sector emissions.
• The load-control abilities could promote the renewable energy
integration. The intermittency of wind and solar energy poses
challenges to system operators who must ensure that demand
and supply are balanced at all times. A portfolio of supply-side
and demand-side resources is required to successfully integrate
intermittent renewables on a scale comparable to that of the 20%
wind vision.
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• Distributed generation and micro-grids could also represent an
alternative architecture for the production and delivery of electric
power. There is no universally accepted definition of distributed
generation, but the term is generally used to describe small-scale
power generation or storage that is located close to the point of
consumption.
However, implementation of smart grid systems should be undertaken
with clear awareness of the benefits and costs [63, 21]. Better models
are still needed to evaluate the performance of smart grid systems, and
to tie performance back to deployment goals. The regulatory policy
needs to acknowledge fundamental changes in the utility industry that
are likely to be brought about by the smart grid. The evolution of the
smart grid requires engineering choices with security and privacy im-
plications. Issues such as whether customers or utilities are ultimately
in charge of controllable electric loads have not yet been fully fleshed
out.
10.1.2 The concept of vehicle-to-grid
V2G technology can be defined as a system in which there is capability
of controllable, bi-directional electrical flow between a vehicle and the
electrical grid. The electrical energy flows from the grid to the vehicle
in order to charge the battery. It flows in the other direction when
the grid requires the energy, for example, to provide peaking power
or spinning reserves. Studies indicate that vehicles are not in use for
active transportation up to 95% of the time (Letendre and Denholm
2006) and during these times, the battery can be utilized to service
electricity markets without compromising its primary transportation
function. Many are the parties that would be involved in the V2G
operation, including the vehicle battery supplier, the vehicle supplier,
the vehicle owner, the electric vehicle supply equipment owner and
the electrical utility. All these parties, including regulatory and gov-
ernmental agencies, have interests and motivations for V2G. A small
review of the main motivations of some of these entities is provided
hereafter.
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10.1.3 Motivation of vehicle-to-grid
The electric utilities has two primary obligations: (1) for its customers,
it must reliably supply electricity and (2) for its owners/stockholders,
it must maintain profitability. Increasingly, utilities also are called on
to provide cleaner power through higher usage of renewable energy.
Therefore, utilities are likely to find bi-directional power flow of EVs
in a V2G system attractive for two main reasons: (i) as a storage
medium and load-levelling sink for intermittent renewable energy and
(ii) as a means of fulfilling their grid support/ancillary services obli-
gations. In a V2G vision, the vehicle owner itself becomes both a
consumer and seller of electrical energy and capacity. But, the addi-
tional charge and discharge cycles of a vehicle battery, may reduce its
longevity. In this prospective, battery manufacturer itself are under
pressure to increase battery life, performance, and cost. In the end,
regulations to promote policies that will support rapid advancement
of the V2G business models have to be elaborated at national level.
Although there have been significant technology studies and policy
discussions for the V2G concept validation, many practical level grid,
V2G equipment, and vehicle-related standards must be revised or cre-
ated to form a practical framework that enables V2G business models.
V2G to enable renewable energy storage Lack of cost-effective storage
is seen as one of the barriers currently inhibiting faster adoption of
renewable energy. In addition, power produced from an intermittent
renewable source (such as wind or solar) is not a consistent source and
its production may not coincide with daily peak usage. This intermit-
tent nature can destabilize the electrical grid and lead to low wholesale
prices for renewable. This reduces the corresponding impact to the re-
turn on investment needed to make the project feasible. However, if
the EVs could be used as an electrical energy storage medium, and if a
sufficient numbers of EVs eligible for V2G operations were connected
to the grid at the right time, it would allow for optimized electricity
production and deferred sale. If EVs with surplus of energy capac-
ity are left connected to the grid during daily peak energy demand
periods, this stored renewable energy can be supplied to the grid at
a rapid rate, potentially reducing the need for incremental peaking
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power plants. The hope is that V2G will enable synergistic operation
of both EVs and renewable energy sources, thereby assisting both EVs
and renewable energy in increasing market penetration.
10.2 Description of the model used for the simu-
lation
The modeling approach adopted for this study is based on the devel-
opment of an energy model that allows to determine the losses and
returns, under different operating conditions, of V2G charging systems
with distributed accumulation functions on the low voltage network.
The energy modeling of bidirectional power electronic converter and
of the electrochemical accumulator is based on the use of energy effi-
ciency maps. The modeling and mappings are parametric and modular
so that it can be extended to different sizes of battery and converter
within the voltage range, current and power. Figure 10.2 shows a
scheme of the energy model developed. It is composed of:
• Charge/discharge current generator of the battery.
• Model of the battery.
• Model of bidirectional power electronic converter.
• Energy bidirectional counter.
• Electric network/test cycle.
On the basis of the requests from the electrical network and of the
vehicle connected to it, the charge/discharge current of the battery
is generated taking into account the realistic operational limits of op-
eration of the battery itself (like for example SOC between 20% and
90%). For each complete cycle of charge/discharge of the battery en-
ergy losses of the battery and the inverter are evaluated thanks to
the implemented models. The number of cycles performed and energy
efficiency for each complete cycle of charge/discharge of the battery
are evaluated thanks to the bi-directional energy meter. The model,
implemented in Matlab/Simulink, was developed on the basis of the
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Figure 10.2: Block diagram of the V2G implemented model.
following assumptions:
• The energy model is implemented considering the grid voltage as
constant.
• A complete cycle of charge/discharge is achieved when the battery
reaches a value of SOC equal to the value of the initial SOC.
• The efficiency of the system is evaluated by the bi-directional en-
ergy meter whenever a full charge/discharge cycle of the battery
is completed.
• The temperature of the system is supposed within the limits of
normal operation declared by the manufacturers of the various
components; therefore its effect inherent degradation of the char-
acteristics is not taken into account during the simulations.
10.2.1 The full model
The Matlab / Simulink model is reported in figure 10.3. It consists of
the following blocks:
• Electric grid / test cycle
• Bidirectional energy counter
• Bi-directional power electronic converter
• Battery
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• Logic of charge/discharge
• Battery Management System (BMS)
Figure 10.3: The Matlab/simulink energetic full model.
The electrical network cycle model block, generating the profiles
of the energy absorption by the network (or any test cycles of the
model), provides in output the value of the voltage and current of the
network. The latter represent the input for the bidirectional counter
of electric energy, which acts as an interface between the network
and the vehicle. As previously mentioned, the model is based on
the assumption of constant voltage during each simulation. The bi-
directional power meter allows to graphically display the energy flow
between the network and the vehicle, and the overall energy efficiency
of the system for each cycle of charge/discharge of the battery.
10.2.2 The converter
General aspects
The block diagram of a generic converter is shown in figure 10.4.
The battery charger is a power electronic converter consisting of
an AC/DC converter and a DC/DC converter controlled by at least
one microprocessor control unit. The charger may be of various types
according to their power and the type of current supported. This re-
port will address only the bi-directional converters for which charg-
ing stations, with three-phase alternating current, are needed. A
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Figure 10.4: Block diagram of a battery charger for plug-in electric vehicle.
block diagram of a typical three phase power charger contains a re-
versible AC/DC converter that feeds an isolated reversible DC/DC
stage through a capacitive DC bus, as shown in figure 10.5.
Figure 10.5: Block diagram of a generic three-phase battery charger for V2G appli-
cations.
The conversion system is actually a set of multiple power convert-
ers and eventual power transformers and filters. Therefore, an accu-
rate assessment of the overall conversion efficiency of network-battery
(charging) battery-network (discharge) requires the full knowledge of
the circuit topology (power components used, reactive components)
and the control strategies of the individual units. Moreover, the effi-
ciency in a defined operation point of the converter system depends
on the following electrical operation parameters:
• Network voltage
• DC bus voltage between the AC/DC and the DC/DC unit drive;
this voltage level is not accessible and depends on the design
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choice of the converter
• The charge/discharge current of the battery
• Battery voltage that depends on the state of charge and on the
discharge/charge current
In figure 10.6 is an example of an energy efficiency map of a power
electronic converter of 22kW proposed by Brusa Gmbh [65].
Figure 10.6: Energy efficiency map of a DC/DC converter [11].
This report will address only bidirectional converters of medium
power level (and therefore suitable for the V2G concept), for which
charging stations equipped with alternating three phase current are
needed.
The converter model
Figure 10.7 shows the implemented Matlab/simulink model of the elec-
tronic bidirectional power converter. As inputs the model has:
• Charge/discharge profile
• Network’s voltage (V)
• Battery Voltage (V)
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As outputs the model gives:
• Battery current (A)
• Network current (A)
• Energy efficiency of the converter
Figure 10.7: Matlab/simulink bidirectional power electronic converter model.
The battery voltage, even though is on the right side of the con-
verter block, it is not an output of the block itself but an entrance,
since it is provided retroactively from the battery; the grid current, it
is evaluated by the converter model based on the power of the bat-
tery and on the energy efficiency of the converter itself, and is pro-
vided as an input to the bidirectional energy meter. Based on the
charge/discharge profiles generated by the BMS, the converter model
generates the battery current profile by multiplying the charge/discharge
for the capacity of the battery (signal also supplied to the converter
from BMS). Therefore, known the battery current imposed by the
converter and known the battery voltage given retroactively from the
battery model, the power of the battery side is known. Multiplying (in
case of battery discharge) or the dividing (in case of battery charge)
the battery power for the energy efficiency of the converter, we get the
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power that can be given (in the case of discharge of the battery) or the
power absorbed (in case of battery charge) by the network itself. If
the battery voltage reaches the cut-off value, the battery discharge is
interrupted by means of an appropriate switch. The converter model
shown in figure 10.7 is to be intended from right to left, according
to the relative position of the battery and of the electrical network
with respect to the converter in the full model shown in figure 10.3.
The model user can choose four options for the energy efficiency of
the converter; the values can be inserted manually (option 1 and 2) or
automatically selected from Look-Up Tables (LUTs) inserted in the
model (option 3 and 4). The LTUs inserted are in the form figure 10.6.
10.2.3 The battery
General aspects
A battery is constituted by a multitude of cells connected in series or in
parallel in order to get a desired voltage and capacity sufficient for use
on board an EV. The operating life of a battery is deeply affected by
the amplitude of the charge/discharge cycles, from the DOD and other
operational conditions such as the temperature. In order to preserve
the normal ageing of the battery, the SOC is typically maintained in a
range between 20% and 90% [12, 78]. Typically, the higher the DOD
of a battery, the lower the number of life cycles. The efficiency of a
battery can be defined in two ways:
• Efficiency of charge (Coulombic efficiency)
• Energy efficiency
The charging efficiency is the ratio of the electric charge supplied by
the battery during a discharge phase and the amount of electrical
charge that must be supplied to the battery itself, so that return to the
same level of the previous charge. The charging efficiency of a Li-ion
battery is generally higher than 99%. The energy efficiency represents
the ratio between the quantity of electricity supplied by the battery
and the amount of electrical energy required to bring the battery back
to the previous value of SOC. This efficiency value is closely related
to the internal resistance of the battery, and decreases considerably
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with increasing the applied current [13]. The energy battery model
developed for the simulation, as for the converter is based on the use
of maps energy efficiency.
The battery model
Figure 10.8 shows the Matlab/simulink implemented model of the bat-
tery. As inputs the model has:
• Battery current (A)
As outputs:
• Battery Voltage (V)
• SOC (%)
• Battery energy efficiency
• Number of cycles performed
• Battery signals
Figure 10.8: Matlab/simulink battery model.
Although in figure 10.8 the battery voltage is on the left side of
the battery pack, it is not an input of the block but an output, as is
evaluated within the same block by means of appropriate voltage maps
as a function of SOC and battery current. The battery voltage value so
determined, is retroactively supplied as an input of the converter block.
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The battery model receives as input the battery current imposed by
the converter. The full battery model, consists of the following sub
blocks:
• SOC
• Cycles counter
• Battery model
• Battery energy measurement
• Efficiency computation
The model user has to provide the following battery parameters:
• Nominal voltage (V)
• Nominal Capacity (Ah)
• Initial value of SOC (%)
• Cut-off voltage (V)
• Number of cycles already performed previously by the battery
As for efficiency, the user can choose from the following three options:
• Constant efficiency, equal for charge and discharge (set by the
user)
• Constant efficiency, differentiated for charging and discharging
(imposed by the user)
• Efficiency function of the battery voltage and the SOC (LUT)
The SOC block The Matlab/Simulink implemented model for the
evaluation of the SOC of the battery is shown in detail in figure 10.9.
As inputs there are the voltage, the current and the number of
cycles performed during the simulation; the SOC value in percentage
is calculated by integrating the current, according to the relationship
10.1.
SOC(%) = 100
(
1− 1
Q
∫
i(t)dt
)
(10.1)
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Figure 10.9: Matlab/simulink SOC block model.
In order to take into account the effect of aging of the battery, the SOC
value is multiplied by a suitably reduction coefficient whose charac-
teristics are shown in figure 10.10.
Figure 10.10: Implemented values of the cell’s ageing effect.
The model user can also set the final discharge voltage (cut-off
voltage), which is at every simulation step compared with the battery
voltage itself; if the battery voltage exceeds the cut-off voltage, the
operation is stopped by means of the switch visible in figure 10.10.
The SOC block outputs the SOC (%) value of the battery at each
simulation step and the reduction coefficient that takes into account
the ageing effect.
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The cycler counter block The model used for the calculation of the
number of cycles is shown in detail in figure 10.11. The model re-
ceives as input the SOC value and the ageing coefficient of the bat-
tery, and provides in output the number of cycles performed and a
reset logic signal (used for the management of the energy computa-
tion) at each completed cycle. A complete cycle is achieved when the
battery reaches an SOC value equal to the initial one.
Figure 10.11: Matlab/simulink cycler counter block model.
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The battery block The implemented model for the evaluation of the
battery voltage is shown in detail in figure 10.12. The model receives
as input the battery current from the converter and sets the value of
the SOC measured at each simulation step.
Figure 10.12: Matlab/simulink battery block model.
The block evaluates for each simulation step the battery voltage by
means of LUTs in which the voltage is mapped as a function of the
current and of the SOC. The LUTs are differentiated for the charge
and for the discharge of the battery. Figure 10.13 depicts an example
of the battery voltage characteristics as a function of the SOC and of
the current for Li-ion battery.
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Figure 10.13: Implemented values of the cell’s voltage vs. SOC of the charge (left
panel) and the discharge (right panel).
The battery energy measurement block In figure 10.14 is shown in
detail the implemented model for evaluating the energy efficiency of
the battery when evaluation of the efficiency by means of LUT function
of the battery voltage and the SOC is selected.
Figure 10.14: Matlab/simulink battery energy measurement block model.
The model receives as input the current and the battery voltage as
well as the reset signal generated by the cycle counter. The battery
power is obtained by multiplying the voltage and the current, thus the
energy is obtained by integration. By means of appropriate switches
controlled by the sign of the current, the charge energy for negative
currents and discharge energy for positive currents. are obtained as
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result of integration respectively. Where, during the discharge phase of
the battery voltage reaches the cut-off, the calculation of the discharge
energy is interrupted, being interrupted the discharge of the battery
itself. The reset signal allows to reset the integrators every time a full
cycle of charge/discharge is completed.
The efficiency computation block Figure 10.15 shows the Matlab/Simulink
implemented model for calculating the energy efficiency when the op-
tion of evaluating the efficiency by means of LUT function of the
battery voltage and the SOC is selected.
Figure 10.15: Matlab/simulink efficiency computation block model.
This model receives as input the discharge and the discharge energy
of the battery measured by the Battery Energy Measurement block,
and the reset signal. In the upper part of the block diagram is executed
for each simulation step the difference between the charge energy and
the discharge energy, thus obtaining the lost energy. In the lower part
the ratio of the two energies is calculated, thus obtaining as output
value the energy efficiency of the battery. The remaining parts of
the efficiency computation block are used for synchronization of the
output signals. As it can be seen from the complete model of the
battery shown in figure 10.3, outside the block Efficiency Measurement
there is an additional model part shown in detail in figure 10.16. It is
adapted to the management of the evaluation of energy efficiency.
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Figure 10.16: Matlab/simulink model for selecting the battery energy efficiency
evaluation method.
10.3 Set up of the problem
On the basis of the energy absorption profiles of the network to which
the electric vehicles are connected, the V2G concept consists in the
intelligent management of charging with potential benefits for the net-
work itself both in terms of adaptability of the application that storage
distributed, and thus resilience of the network itself. In figure 10.17 are
shown as example pattern of energy absorption profiles measured in a
medium-voltage side of the transformer of an high voltage / medium
voltage station in northern Italy (population served about 12,000 peo-
ple with a small industrial area). In particular, the two proposed
trends relate to two different times of the year respectively character-
ized by absorption medium-high (midweek winter day, January) and
medium-low (holyday summer day, August).
As can be seen from these trends, the one of January shows during
the day multiple absorption peaks; however, as regards the perfor-
mance of August it presents for some hours of the day a negative ab-
sorption which corresponds to a re-input of energy in the high voltage
network. The latter phenomenon is due to the presence of a photo-
voltaic park, along with some other sources of energy from renewable
sources, connected to the medium voltage network on which the sur-
veys were carried out; this, in conjunction with a reduced demand
for energy during the central hours of the day, has led to an excess
of energy supply in relation to demand, thus giving rise to a reverse
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Figure 10.17: Energy consumption (medium voltage side) measured in a transformer
station high voltage/low voltage in northern Italy: population served about 12,000
with a small industrial area.
flow of the same to the high-voltage network. It should be empha-
sized that the energy profiles exemplified refer to current and recent
measures; a progressive increase in the years of the renewable energy
sources connected to the distribution networks is predictable, thereby
increasing likelihood of a mismatch between demand and supply of
energy at certain times of the day and year. The objective of the V2G
concept is both to meet the excess energy supply using batteries of
electric vehicles connected to the grid as distributed storage elements
and to meet the peak demand for energy using the energy stored in
the batteries of vehicles as a source of distributed electrical energy.
In order to have a profitable operation, as previously mentioned, an
appropriate communication between the management system of the
network and the vehicle is required, also in consideration of the need
for the user motorist to be able to have its own vehicle with a sufficient
energy charge in relation to their mobility needs.
10.4 Results of the simulations
The output results of the implemented model should give more insight
on the feasibility of the V2G concept in terms of system efficiency and
of the effects on the adsorption/emission energy consumption peaks at
the grid side. The variables of interest can be evaluated under different
operative conditions upon variation of the following parameters:
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• Battery voltage or current (battery efficiency)
• Converter voltage and/or current (converter efficiency)
• Battery cycle number (battery state of health)
• SOC limits (available capacity and battery state of health)
• Number of autos (available capacity)
10.4.1 Response of the battery model
In order to ensure a right functioning of the implemented model, pre-
liminary simulations have been carried out on the various system com-
ponents. Hereafter, responses to different current pulses on the battery
are reported. Figure 10.18 refers to the response of the battery to a
charging current pulse at 1C-rate for 10 seconds (a). When applying
the current pulse, the battery voltage raises from its open-circuit po-
tential to its corresponding value at the defined C-rate; the battery
voltage keeps on increasing steadily until the current pulse ends (b),
than the voltage drops to its new open-circuit potential value defined
by the new SOC value (c).
Figure 10.19 refers to the response of the battery to a discharg-
ing/charging cycle at 10C-rate, starting from a value of 40% SOC.
The cycle consists of a charging step of 50 seconds, a rest one of 5
seconds, and a charging step of 65 seconds (a). The efficiency of the
battery can be obtained when the cycle is completed and in this case
it corresponds to 83% (c) and (d).
10.4.2 The full V2G model
Given the energy consumption profile in Figure 10.17, the intention is
to evaluate how many cars (with a given specific capacity) are needed
to reduce the adsorption/emission energy consumption peaks (at a
specific C-rate and SOC range) and how does the system efficiency
vary under different conditions. A first simulation has been carried
out implementing a very low battery current and a small SOC opera-
tive range. Such conditions would be ideal in case of real application
as they would prevent the battery state of health and leave the rest
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Figure 10.18: Response of the battery to a discharge/charge cycle: (a) battery
current; (b) battery voltage; (c) SOC; (d) battery efficiency.
of the battery energy always available to the car owner. The trend of
some battery parameters and the variation of the network power due
to the presence of the V2G are shown in Figure 10.20. The battery
exchanges energy with the network just during the peak time. The
battery is cycled just between 40% and 90% SOC at C/10-rate. Each
car is assumed to be equipped with a battery of 30 Ah capacity. Hav-
ing assumed the battery at its first cycle life, with these conditions,
the system efficiency resulted to be approximately 90% and a total
number of 320 cars are required to reduce the energy consumption
peaks as shown in panel (E). At such low current most inefficiency is
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also addressed to the converter, approximately 96%.
In the previous simulation, the assumption of very conservative
conditions, has led to a high number of car required in order to ab-
sorb the excess of power present across midday. In a more realistic
case, the battery current can be increased and the SOC range can
be increased. The same network power profile including V2G can be
obtained by doubling the current up to C/5 and halving the number
of cars to 160. The number of cars needed can be reduced further by
increasing the SOC range and/or increasing even more the current.
The system efficiency ranges around 90% until a current rate of C/2;
at 1C-rate is about 85%. The convenience of the use of the model
is that the network power characteristic can be tuned by varying the
above mentioned parameters in order to forecast the energy needs and
to optimize the network operation. In this simulation it has been as-
sumed that all the required cars are connected to the network at the
same time and they exchange electricity with the grid all in the same
way; this is of course an ideal condition. The number of cars and the
amount of energy exchanged can be set variable in time and the model
can provide a detailed description of the grid/car requirements at any
time.
10.5 Conclusions to chapter 10
The work presented in this chapter is a model-based practical eval-
uation of the feasibility of the V2G concept on a small scale. Such
type of models are required to design and optimize the electric net-
work operation on a daily basis. The results of the simulations have
shown how with the model it is possible to forecast the network power
characteristic, including V2G power supply, in order to reduce the
power emission/absorbance peaks. The energy exchange between the
electric network and the car can be modeled taking into account and
by tuning the various model variables. The fact that the system has
inefficiencies, namely energy losses, generates contentious on who and
in which proportion should pay for them. Moreover, the intensity of
exchanged power can affect the state of health of the battery and its
energetic efficiency. From all these considerations it is clear that, in
case of V2G system, there is a need of reconsideration and revaluation
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of the energy tariff table. The energetic model here presented could be
used as a valid support for the system development and be a basis for
an instantaneous user/network communication system that provides
costs/profits of the energy exchange in order to inform the user on the
convenience of the operation during different times of the day.
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Figure 10.19: Response of the battery to a current pulse: (a) battery current; (b)
battery voltage; (c) SOC.
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Figure 10.20: Output of the V2G model by cycling the battery at C/10: (a) ex-
changed power of the battery; (b) battery SOC; (c) battery energy trend; (d) network
power without V2G; (e) Network power with V2G.
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